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CHAPTER  1 


INTRODUCTION 

The  mission  of  the  United  States  Air  Force  is  to  "preserve  the  United 
States  as  a  free  nation  with  its  fundaaental  institutions  and  values  intact, 
by  preparing  aerospace  forces  for  the  conduct  of  prompt  and  sustained  combat 
operations"  (1).  The  success  of  this  global  commitment  is  highly  dependent 
on  the  ability  of  the  Air  Force  to  project  its  airpower  into  any  theater  of 
operations.  Thus,  the  importance  of  structurally  adequate,  well  maintained 
airfield  pavements  in  supporting  mission  aircraft  loads  at  operational  levels 
becomes  obvious. 

To  properly  prepare  for  and  carry  out  this  mission.  Air  Staff  planners 
must  have  accurate,  up  to  date  information  concerning  the  structural  adequacy 
of  not  only  our  own  major  installations  but  those  of  our  allies  abroad,  as 
well.  This  information  is  crucial  in  planning  future  maintenance  and  repair 
activities  and  in  determining  the  feasibility  of  proposed  mission  changes  at 
an  installation.  At  present,  this  needed  information  is,  at  best,  inadequate 
and  inaccurate,  and  in  most  instances  nonexistent. 

* 

1 . 1  Purpose 

The  current  destructive  test  methodologies  for  obtaining  critical 
airfield  evaluation  data  and  conducting  the  analyses  are  costly  and 
time-consuming,  but  most  importantly,  severely  impact  the  operation  of  the 
base.  In  many  cases  the  structural  evaluation  is  neglected  because  base 
operations  cannot  live  with  the  mission  degradation  that  would  occur  with 
extensive  down  tine  of  the  pavements.  It  should  be  emphasised  that  many  of 
these  sane  problems  exist  in  evaluating  commercial  airfields,  as  well. 


Fortunately  in  recent  years,  great  strides  have  been  made  in  the 
development  of  equipment  that  can  rapidly  and  nondestructively  collect  data 
upon  which  an  evaluation  of  load-carrying  capacity  and  future  life  can  be 
made.  Of  particular  importance  in  the  evaluation  of  rigid  airfield  pavements 
was  the  development  of  impulse  loading  devices,  such  as  the  Falling  Weight 
Def lectometer ,  that  reasonably  approximate  actual  moving  aircraft  wheel 
loads.  Simultaneously,  researchers  have  been  developing  analytical  models 
that  could  describe  the  response  of  a  pavement  system  to  specific  loading 
conditions . 

This  report  presents  several  concepts  in  the  overall  process  of 
nondestructive  testing  and  evaluation  (NDT  &  E)  of  rigid  airfield  pavements 
and  integrates  them  into  a  complete  system,  including  field  testing, 
analyses,  and  prediction  of  future  performance.  Implementation  of  the  system 
will  permit  rapid  completion  of  field  testing  with  little  or  no  interruption 
of  installation  operations,  and  analysis  of  field  data  and  presentation  of 
results  is  possible  within  hours.  The  advantages  of  such  a  system  in 
peacetime  applications  are  numerous,  but  its  value  in  rapidly  assessing 
airfields  in  a  contingency  situation  can  not  be  overestimated. 

1.2  Authority 

The  research  described  in  this  report  was  conducted  at  the  Department  of 
Civil  Engineering  at  the  University  of  Illinois  at  Urbana-Champaign,  in 
cooperation  with  the  United  States  Air  Force  Engineering  and  Services  Center, 
Tyndall  Air  Force  Base,  Florida.  The  concepts  presented  and  the  computer 
codes  developed  are  intended  for  public  release,  with  the  hope  they  will 
advance  the  state  of  the  art  in  rigid  pavement  evaluation  and  foster 
additional  research  into  specific  aspects  of  the  methodology. 


1 . 3  Background 


There  are  three  broad  categories  of  Military  airfields,  critical  to  the 
successful  accoaplishaent  of  the  Air  Force  Mission,  which  aust  be  evaluated 


for  structural  and  functional  adequacy.  First,  over  150  aajor  installations 
worldwide  are  directly  operated  and  Maintained  by  the  Air  Force,  aost  of 


which  have  airfield  facilities  that  were  constructed  during  World  War  II  or 
in  the  early  1950's.  These  paveaents  were  originally  designed  to  support 
B-29  and  B-47  aircraft  for  20  years  at  noraal  levels  of  operation. 
Coapetition  for  Halted  Military  Construction  Prograa  and  Operations  and 
Maintenance  funding  has  prevented  their  reconstruction  and,  coupled  with  the 
introduction  of  the  B-52,  C-141,  and  C-5  aircraft,  has  dictated  that  Air 
Force  engineers  repair,  restore,  and  rehabilitate  these  overloaded  paveaents 
by  the  aost  econoaical  aeans  available.  NDT  &  E  provides  the  aost  feasible 
aeans  upon  which  to  base  such  critical  decisions. 

Second,  within  the  past  decade  the  concept  of  Collocated  Operating  Bases 
(COBS)  has  been  introduced  as  a  aeans  of  reducing  the  vulnerability  of  our 
aain  bases  to  attack.  This  concept  centers  around  the  developaent  of 
nuaerous  host-nation  airfields,  for  use  in  launch  and  recovery  of  aircraft, 
which  would  be  too  costly  or  lapractical  to  destroy.  Inforaation  regarding 
the  structural  capacity  of  each  of  these  airfields  aust  be  obtained  before 
contingency  plans  can  be  finalized.  Oftentiaes  this  inforaation  is  not 
available  froa  the  host  country.  With  over  250  COB's  in  western  Europe 
alone,  a  prograa  for  NDT  &  E  is  aandatory. 

Third,  captured  eneay  airfields  aust  be  evaluated  quickly  for  structural 
adequacy  to  take  fullest  advantage  of  their  strategic  iaportance  in  support 
of  ground  forces.  NDT  &  E  can  provide  the  theater  coaaander  with  rapid 
guidance  on  the  type  and  quantity  of  aircraft  that  can  use  the  facility. 


With  the  need  for  a  viable  NDT  A  E  system  firmly  established  during  the 


mid  1960's,  both  the  Army  and  the  Air  Force  embarked  on  separate  research 
programs  to  develop  the  equipment  and  computer  codes  required  for  a  complete 
system.  Both  efforts  resulted  in  large,  vibratory  devices  used  for 
determining  the  dynamic  stiffness  modulus  of  the  pavement  system,  but 
differed  in  their  approach  to  the  analysis  of  the  pavement's  response.  The 
Air  Force  elected  to  use  newly-emerging  finite  element  techniques  for 
determining  stresses,  strains,  and  deflections  within  the  pavement  (2),  while 


the  Army  pursued  the  linear-elastic  approach  (3).  Neither  system  utilized 


air  transportable  equipment,  however,  which  limited  their  use  to  well 
planned,  peacetime  situations.  Such  limitations  did  not  severely  impact  the 
Army's  use  of  their  system,  confined  primarily  to  stateside  applications. 
The  Air  Force,  on  the  other  hand,  required  a  system  that  was  rapidly 
deployable  and  reliable,  two  areas  that  exhibited  great  weaknesses  during 
initial  field  trials.  Consequently,  efforts  were  initiated  to  develop  a 
smaller,  durable.  C-130  transportable  system.  The  resulting  system, 
developed  in  the  late  1970' s,  was  an  impulse  loading  device  that  uses  wave 
propagation  techniques  to  characterize  the  various  layers  of  the  paving 
system.  This  new  system  has  been  undergoing  field  testing  and  verification 
since  1982,  and  preliminary  results  indicate  general  agreement  with  other 


widely  used  NDT  A  E  systems  (4). 

Despite  improvements  in  transportability,  several  problem  areas  still 
exist  with  the  system  that  limit  its  utility: 


1)  The  uniqueness  of  the  system  makes  verification  of  results 

with  other  widely  accepted  methods  difficult  and  field  repairs  of  critical 
components  nearly  impossible. 

2)  Thirty  to  forty-five  minutes  are  required  to  perform  one  test. 


3)  Considerable  judgment  and  experience  are  required  of  the  engineer  to 
properly  interpret  the  wave  dispersion  curves. 

4)  Unmanageable  quantities  of  computer  time  are  required  by 

the  finite  element  code  to  generate  output  that  is  comparable  to  linear 
elastic  or  even  Westergaard-based  H-51  programs. 

5)  The  effects  of  repeated  loadings  on  joint  systems  are  ignored. 

For  these  reasons,  research  was  undertaken  to  develop  a  complete  NDT  &  E 
system,  based  on  simplistic,  widely  used  equipment,  that  would  combine  the 
best  mechanistic  response  models  available  with  empirical  field  performance 
data  to  predict  future  performance  of  rigid  airfield  pavements. 

1.4  Limitations 

The  field  testing  techniques  and  other  methodologies  presented  herein 
were  developed  from  testing  and  analysis  of  plain  jointed  concrete  pavements 
using  dummy  groove  longitudinal  and  transverse  contraction  joints  and  keyed 
longitudinal  construction  joints.  Although  it  is  felt  that  the  techniques 
will  apply  equally  well  to  reinforced  slabs  and  to  dowelled  joints, 
additional  research  is  required  to  verify  this.  In  addition,  only  unbound 
base  courses  were  available  at  the  test  locations,  and  no  overlays,  either 
flexible  or  rigid,  are  included  in  the  study. 

Finally,  only  a  limited  range  of  soil  and  environmental  conditions  was 
experienced  during  the  field  testing  program.  Applicability  of  the  system 
for  a  variety  of  such  conditions  must  be  verified  through  much  more  extensive 
field  testing  and  analysis. 

1.5  Sources  of  Information 

Information  presented  throughout  this  report  was  obtained  from  a  wide 
variety  of  sources.  U.S.  Government  agencies  such  as  the  U.S.  Air  Force, 


U.S.  Army,  and  the  Federal  Aviation  Administration  have  conducted  the  bulk  of 
the  previous  research  in  NDT  &  E  and,  therefore,  are  a  prime  source  for 
technical  reports.  Research  at  the  university  level  also  has  been  extensive 
and  well  documented.  State  and  foreign  governmental  agency  reports  were 
utilized  to  some  extent  as  well. 

Field  data  was  collected  at  three  Air  Force  installations  representing  a 
reasonable  cross  section  of  geological,  environmental,  and  operational 
conditions . 

1.6  Brief  Conclusions 

Based  on  the  results  of  this  effort,  it  is  now  possible  to  rapidly  test 
and  evaluate  the  rigid  airfield  pavements  at  any  major  facility,  utilizing  a 
combination  of  mechanistic  modeling  and  empirical  transfer  functions,  to 
predict  performance  and  future  pavement  life.  The  structural  capacity  of 
pavement  systems  for  any  given  aircraft  or  mix  of  aircraft  can  be  determined 
quickly,  and  for  a  wide  variety  of  environmental  conditions.  In  addition, 

the  research  has  uncovered  potential  methods  for  locating  voids,  determining 
pavement  thicknesses  nondestructively ,  and  accounting  for  temperature 
variation  effects  on  load  transfer  at  joints. 

1.7  Thesis  Format 

The  results  of  this  study  will  be  presented  in  the  following  sequence: 

Chapter  2  -  Selection  of  the  test  data  collection  device  and  mechanistic 
model  for  the  study. 

Chapter  3  -  Design  of  the  testing  program  to  investigate  various  aspects 
of  the  structural  evaluation  process. 

Chapter  4  -  Investigation  of  joint  load  transfer  efficiencies  and  their 
dependence  upon  temperature. 


Chapter  5  -  Development  of  the  backcal culation  procedure  for 

determining  subgrade  modulus  and  pavement  stiffness. 

Chapter  6  -  Comparison  of  interior  and  edge  stresses  and  the  development 
of  the  computer  program  to  calculate  the  critical  stress. 

Chapter  7  -  Analysis  of  full-scale  accelerated  traffic  tests  and  their 
use  in  developing  a  field  performance  curve  for  airfield 
pavements . 

Chapter  8  -  Formulation  of  the  various  components  into  a  comprehensive 
system  for  predicting  remaining  pavement  life,  and 
illustration  of  the  entire  process. 

Chapter  9  -  Conclusions,  recommendations,  and  suggestions  for  further 
research. 


CHAPTER  2 


TESTING  EQUIPMENT  AND  PAVEMENT  CHARACTERIZATION  MODEL 


During  recent  years  several  nondestructive  paveaent  evaluation  systems 
have  been  developed  by  various  governaental  and  private  organizations  to 
analyze  the  load-carrying  capability  of  highway  and  airfield  paveaents.  The 
use  of  NDT  A  E  devices  is  seen  as  a  great  advance  over  costly  and 
tiae-consuaing  destructive  techniques.  Although  NDT  A  E  devices  do  not 
perait  the  in-depth  analysis  of  paveaent  Materials  that  destructive  testing 
does,  the  benefits  of  ainiaal  operational  inpact,  coaprehensive  testing  of 
every  paveaent  feature,  and  reduced  effort  to  produce  a  final  report  are 
particularly  attractive.  In  1981,  the  Transportation  Research  Board  foraed  a 
Task  Force  (A2T56)  to  aake  a  state-of-the-art  review  of  available 
Methodologies  (5).  As  of  1983,  soae  IS  different  procedures  have  been 
brought  before  the  Task  Force,  representing  a  wide  range  of  equipaent  and 
analytical  tools.  The  following  discussion  briefly  suaaarizes  the  presently 
available  testing  and  analysis  techniques,  including  their  strengths  and 
weaknesses,  and  foras  the  basis  for  selection  of  the  equipaent  and 
aechanistic  aodel  used  in  this  study. 


2.1  Destructive  Evaluation  Methods 

Although  destructive  testing  of  airfield  paveaents  is  now  alaoet 
exclusively  Halted  to  very  special  investigations  of  paveaent  distress,  any 
discussion  of  evaluation  Methodologies  leading  to  equipaent  and  aodel 
selection  would  be  incoaplete  if  past  techniques  are  not  presented  and 
appreciated.  The  following  procedures  evolved  during  the  1940's  and  fora  the 


basis  for  aany  of  the  techniques  in  use  today. 
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The  evaluation  process  was  begun  by  dividing  the  airfield  pavement  system 
into  individual  sections,  or  features,  that  were  nearly  identical  in  their 
construction,  soil  conditions,  and  traffic  usage.  The  physical  properties  of 
the  pavement  and  foundation  materials  needed  to  conduct  a  rigid  pavement 
evaluation  of  each  feature,  based  on  procedures  developed  by  the  U.S.  Army 
Corps  of  Engineers  in  the  mid-1950's  (6),  include:  pavement  layer 
thicknesses,  flexural  strength  and  modulus  of  elasticity  of  the  concrete. 
Poisson's  ratio  of  the  concrete,  and  Westergaard ' s  modulus  of  base  course 
and/or  subgrade  reaction  (K-value).  Since  the  modulus  of  elasticity  and 
Poisson's  ratio  of  concrete  do  not  vary  widely  in  static  determinations,  it 
was  assumed,  for  the  preparation  of  the  evaluation  charts,  that  they  equal  4 
x  106  psi  and  0.20,  respectively.  These  values  are  typical  of  those 
measured  during  testing  of  a  large  number  of  pavements  built  by  the  Corps  of 
Engineers.  The  remaining  three  properties  must  be  established  for  each 
feature  by  excavating  test  pits  and  extracting  core  samples.  Since  an 
airfield  typically  contains  between  75  and  125  distinct  features,  actual 
testing  of  each  feature  is  time  and  cost  prohibitive.  Thus,  information  to 
make  the  evaluation  is  obtained  by  testing  20  to  25  features,  selected  for 
their  representative  nature,  and  then  extrapolating  the  results  to  similar 
features  elsewhere. 

2.1.1  Pull  Scale  Testing 

The  destructive  investigation  begins  by  opening  4  by  5  foot  test  pits  to 
expose  the  supporting  material  for  plate  bearing  tests.  Extreme  care  must  be 
exercised  to  preserve  the  integrity  of  this  material  during  removal  of  the 
concrete.  Disturbance  of  this  base  course  or  subgrade  surface  can  adversely 
affect  the  results  of  the  plate  bearing  test.  A  complete  description  of  the 


test  and  the  calculations  required  to  obtain  the  Modulus  of  subgrade  reaction 
are  found  in  Reference  7.  In  addition  to  the  plate  load  test,  in  situ 
Moisture  and  density  aeasureMents  are  Made  for  each  Material  layer,  and  bulk 
disturbed  soil  saMples  are  obtained  froa  each  layer  for  laboratory  testing. 
Concrete  thickness  can  be  obtained  at  the  test  pit,  and  flexural  strengths 
can  be  determined  by  sawing  beaa  saaples  froa  the  excavated  concrete.  In 
aost  cases,  however,  this  process  is  extremely  expensive.  Thus,  the  number 
of  tests  that  can  reasonably  be  performed  is  very  Halted,  which  increases 
the  probability  of  error  in  estiaating  the  flexural  strength.  Therefore, 
six-inch  diaaeter  core  saaples  are  usually  extracted  for  thickness  and 
splitting  tensile  strength.  A  relationship  developed  by  the  U. S.  Army 
Waterways  Experiaent  Station  (8)  and  discussed  in  Chapter  7  is  then  used  to 
obtain  the  flexural  strength  froa  the  splitting  tensile  strength.  The 
relative  ease  in  extracting  these  cores  peraits  saapling  of  each  feature  at 
least  once.  With  the  information  obtained  froa  selected  test  pit  locations 
and  extracted  core  saaples,  the  evaluation  can  be  performed.  The  additional 
aoisture  and  density  data  and  Material  saaples  are  used  to  identify  potential 
sources  of  future  problems  and  as  the  basis  for  design  of  repair  and 
reconstruction  projects. 

Full  scale  destructive  testing  has  several  advantages  over  NDT  &  E,  but 
these  must  be  weighed  against  the  cost  of  procuring  the  information  and  the 
inaccuracies  in  the  assumptions.  On  the  positive  side,  underlying  causes  for 
pavement  distress  can  be  explored  more  fully  by  exposing  each  layer  of  the 
system.  Subsidence  and  plastic  deforaatlon  of  any  layer  is  easily  detected 
on  the  vertical  walls  of  the  pit,  and  elevated  water  tables  become 
immediately  evident.  Collection  of  sufficient  quantities  of  each  material 
peraits  a  full  range  of  laboratory  tests,  including  classification  and 


aoisture-density-CBR  relationships,  to  verify  compaction  deficiencies.  Joint 
load  transfer  systens  can  be  examined  closely  for  deterioration,  and  visual 
evidence  of  suspected  concrete  alkali-aggregate  reactions  can  be  obtained. 
Finally,  and  probably  most  iaportantly,  the  as-built  physical  properties  of 
the  paveaent  systea  can  be  established.  Without  this  information,  the  solid 
data  base  needed  for  future  design  and  evaluation  would  be  unreliable. 

Once  the  physical  properties  of  each  feature  have  been  established, 
however,  there  is  very  little  justification  for  retesting  destructively  in 
the  future.  Only  in  very  special  circumstances ,  where  specific  causes  for  a 
paveaent  failure  aust  be  firmly  established,  would  excavation  of  a  test  pit 
be  warranted.  The  tremendous  rate  that  NDT  4  E  equipment  can  perform,  from 
200  to  500  tests  per  day,  aeans  not  only  that  every  feature  can  be  tested, 
but  aany  slabs  within  each  feature  can  be  tested.  Statistical  concepts  can 
thus  be  utilized  to  shed  light  on  the  variability  associated  with  the 
evaluation  of  each  feature,  and  the  need  to  extrapolate  the  results  of 
testing  at  one  location  to  aany  other  locations  is  avoided. 

Finally,  the  benefits  derived  by  eliminating  the  closure  of  critical 
runway  and  taxiway  pavements  and  costly  excavation  and  repair  procedures  are 
difficult  to  aeasure. 

2.1.2  Small  Aperture  Testing 

The  advent  of  aodern,  multiple-wheel,  heavy  gear  load  aircraft  has 
created  an  increased  need  to  determine  the  load  carrying  capability  of 
airfield  paveaents.  With  ever  increasing  volumes  of  aircraft  traffic,  it  is 
now  nearly  impossible  to  close  a  major  facility,  such  as  a  runway  or  primary 
taxiway,  long  enough  to  complete  a  test  pit.  Recognizing  this  two-fold 
problem,  the  Corps  of  Engineers  developed  a  methodology  (13)  to  determine 
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pavement  and  soil  properties  at  depths  through  small  access  holes,  thus 
eliminating  the  excavation  of  test  pits.  Six-inch  core  samples  are  extracted 
from  the  concrete  for  usual  strength  and  thickness  determinations,  but  then 
the  holes  are  used  to  perform  California  Bearing  Ratio  (CBR)  tests  on  each 
layer  under  the  pavement.  Correlations  developed  by  the  Corps  for  three 
different  soil  groupings  are  then  applied  to  the  CBR  results  to  obtain 
appropriate  modulus  of  subgrade  reaction  values. 

The  distinct  advantage  of  small  aperture  testing  lies  in  the  minimal 
impact  on  airport  operations.  The  entire  procedure  requires  about  45  minutes 
to  complete,  and  repair  of  the  hole  is  rapid.  The  procedure  has  been  used 
extensively  throughout  Europe  by  the  U.S.  Air  Force  in  situations  where  test 
pit  operations  would  have  been  impossible.  The  major  weaknesses  of  the 
method,  however,  cast  some  doubt  on  the  accuracy  of  the  results.  Unavoidable 
saturation  of  the  base  or  subgrade  during  the  drilling  operation  may  severely 
influence  the  CBR  test  results.  Attempts  to  correlate  the  results  of  a  CBR 
test  to  those  of  a  plate  bearing  test  are  somewhat  dubious.  And  finally, 
preserving  the  integrity  of  the  surface  of  subgrade  materials  while 
extracting  coarse-grained  base  material  through  a  six-inch  opening  is  very 
difficult. 


2.1.3  Analysis  of  Destructive  Test  Data 

Establishing  allowable  gross  loads  for  an  airfield  feature  from 
destructive  test  data  has  traditionally  been  a  reverse  application  of  the 
design  charts  developed  by  the  Corps  of  Engineers  (9).  These  charts  are 
based  on  limiting  the  tensile  stress  at  the  bottom  of  the  slab  with  the  load 
adjacent  to  the  slab  edge.  Westergaard's  analytical  model  of  a  thin  plate  on 
a  dense  liquid  foundation,  in  conjunction  with  influence  charts  (14)  and 
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charts,  and  therefore  assumed  for  evaluation,  is  a  standard  25  percent 
reduction  in  this  calculated  free  edge  stress  to  account  for  the  assumed  load 
transfer  that  takes  place  across  the  joints.  This  maximum  edge  stress, 
coupled  with  the  strength  of  the  concrete,  has  been  related  to  the  number  of 
coverages  to  initial  crack  failure  through  the  accelerated  traffic  tests 
discussed  in  detail  in  Chapter  7.  The  desired  allowable  gross  loads  for 
specific  levels  of  aircraft  operation  are  obtained  by  applying  pass  per 
coverage  ratios  developed  by  the  Corps  of  Engineers  (12). 

The  classical  Westergaard  approach  based  on  destructive  plate  bearing 
tests  has  several  advantages  in  the  evaluation  of  rigid  pavements.  First,  a 
composite  subbase  and  subgrade  modulus  is  obtained  directly  from  the  plate 
test.  This  composite  static  modulus  measures  the  cumulative  effects  of 
moisture,  density,  and  strength  of  the  supporting  structure  and  eliminates 
the  need  to  evaluate  each  layer.  Second,  although  not  theoretically 
rigorous,  a  single  Winkler  idealization  of  the  supporting  layers  permits  the 
closed-form  calculation  of  stresses  and  deflections  under  interior,  edge,  and 
corner  loading  positions.  Third,  the  contribution  of  load  transfer 
mechanisms  at  joints  can  be  taken  into  account,  although  arbitrarily,  through 
a  predetermined  reduction  in  the  maximum  calculated  edge  stress  in  the  loaded 
slab.  The  ability  of  the  plate  theory  approach  to  account  for  edge  loading 
conditions,  coupled  with  the  fact  that  nearly  all  load  associated  distress  in 
jointed  concrete  pavements  initiates  at  the  Joint  (16),  has  prompted  the 
Federal  Aviation  Administration  (FAA)  to  revise  their  design  criterion  from 
maximum  interior  stress  to  maximum  edge  stress  (17). 
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The  advantages  of  the  plate  theory  approach  outlined  above  have  also 
introduced  two  weaknesses  into  the  analysis  which  must  be  noted.  First,  the 
dense  liquid  idealization  does  not  take  into  account  the  effect  of  shear 
interaction  between  adjacent  support  elements.  Consequently,  displacements 
of  the  subgrade  are  discontinuous  at  the  edge  of  the  loaded  area.  Second, 
Westergaard' s  assumption  of  an  infinite  slab  cannot  be  met  with  the  large 
radius  of  relative  stiffness  values  typical  of  airfield  pavements.  This  can 
lead  to  calculated  deflections  and  stresses  that  do  not  agree  very  closely 
with  measured  values. 

2.2  Nondestructive  Testing  Devices 

As  mentioned  previously  in  this  report,  major  shortcomings  in  the  present 
U.S.  Air  Force  NDT  A  E  equipment  prompted  the  search  for  a  simplistic,  widely 
used  device  that  could  measure  the  response  of  rigid  airfield  pavements  to 
standardized  loading  conditions.  Several  recent  publications  (18,19,  and  20) 
provide  excellent  descriptions  of  the  commercially  available  equipment,  and 
these  references  should  be  consulted  for  specific  details.  The  following 
discussion  summarizes  the  five  general  classes  of  equipment  and  highlights 
their  strengths  and  deflclences. 

2.2.1  Static  Deflection  Equipment 

Devices  which  measure  the  deflection  response  of  a  pavement  to  slowly 
applied  loads  are  generally  classed  as  static  deflection  equipment.  The  most 
commonly  used  devices  in  this  class  are  the  Benkelman  Beam  and  its  various 
modifications.  Plate  bearing  equipment  and  the  Curvature  Meter  also  fall 
into  this  class  but  are  seldom  used. 


The  Benkelaan  Beam  requires  a  loaded  truck  or  aircraft  to  create  the 
deflection  to  be  Measured.  Deflection  basins  have  been  Measured  with  the 
device;  however,  this  is  a  cumbersome  procedure  requiring  Multiple  beams  or 
multiple  recordings  at  known  distances  as  the  vehicle  moves  from  the  center 
of  the  deflection  basin.  The  device  is  relatively  inexpensive,  but  the 
requirement  to  manuallly  record  data  precludes  its  use  for  extensive 
evaluations . 

2.2.2  Automated  Beaa  Deflection  Equipment 

Two  pieces  of  equipment  that  attempt  to  automate  the  Benkelman  Beaa  are 
placed  into  this  class.  The  La  Croix  Deflectograph  is  a  commercially 
available  device  that  has  been  used  widely  in  Europe  and  other  parts  of  the 
world,  but  not  in  the  United  States.  The  Traveling  Def lectometer  is  a 
similar  device  that  was  custom  built  for  the  California  Department  of 
Transportation.  It  is  not  used  by  any  other  agencies  responsible  for  the 
evaluation  of  pavements. 

Although  these  devices  are  capable  of  making  several  hundred  measurements 
daily,  several  disadvantages  exist  that  limit  their  utility.  First,  if  the 
deflection  basin  is  large,  as  is  the  case  for  rigid  airfield  pavements,  the 
point  on  the  bean  used  for  a  reference  nay  be  in  the  basin.  Second,  it  is 
difficult  to  test  a  specific  point  on  the  pavement,  particularly  joint 
locations.  Third,  the  size  of  the  vehicle  required  to  obtain  prototype 
loadings  would  severely  restrict  its  air  transportability. 

2.2.3  Steady  State  Dynamic  Deflection  Equipment 

Any  device  which  produces  a  sinusoidal  vibration  in  the  pavement  with  a 
dynamic  force  generator  falls  into  this  category.  The  most  widely  used, 


commercially  available  devices  in  this  group  are  the  Dynaflect  and  various 
■odels  of  the  Road  Rater.  Two  custom  built  devices,  the  WES  16-kip  Vibrator 
and  the  Federal  Highway  Administration's  NDT  van,  or  Thumper,  have  also  been 
used  extensively  on  airfields  and  highways,  respectively. 

The  Dynaflect  has  several  advantages  over  other  NDT  devices,  including 
its  low  cost,  its  wide  acceptance,  its  mobility,  and  its  speed  of  operation. 
In  addition,  an  inertial  reference  is  used,  eliminating  the  need  to  establish 
a  reference  point  outside  the  deflection  basin.  It  has  several  major 
weaknesses,  however,  that  cast  doubt  as  to  its  ability  to  correctly 
characterize  a  pavements  response  to  actual  loadings.  First,  it  requires  a 
static  preload  that  is  relatively  large  in  comparison  to  the  maximum 
peak-to-peak  loading.  The  stress  sensitive  stiffnesses  of  paving  materials 
can  be  altered  by  this  preloading  prior  to  testing,  although  this  effect  is 
limited  primarily  to  the  thinner  airfield  pavements.  Second,  the  1000-pound 
maximum  peak-to-peak  force  generated  can  hardly  simulate  the  deflections 
expected  under  actual  aircraft  loading  conditions.  Third,  the  actual  contact 
area  of  the  steel  wheels  used  to  impart  the  load  is  difficult  to  determine 
for  the  analysis.  Finally,  the  limit  of  about  50  inches  for  the  measured 
deflection  basin  radius  is  not  adequate  for  the  large  basins  encountered  on 
rigid  airfield  pavements. 

The  various  models  of  the  Road  Rater  retain  all  of  the  advantages  of  the 
Dynaflect,  but  can  cost  up  to  three  tines  as  much.  The  more  expensive  models 
are  capable  of  generating  peak-to-peak  forces  as  high  as  8000  pounds,  but 
this  merely  Increases  the  static  preload  that  must  be  used.  The  ability  to 
vary  the  load  and  the  frequency  of  application  are  important  advantages  over 
the  Dynaflect,  but  measurement  of  deflection  basins  greater  than  three  feet 
in  radius  are  not  possible. 


The  WES  and  FHWA  custom  built  vibrators  can  generate  peak-to-peak 
loadings  that  correspond  more  closely  to  actual  aircraft  load  conditions,  but 
again  the  preload  requireaent  can  not  be  avoided.  Their  size  and  cost  have 
excluded  thea  froa  consideration  for  this  study. 

2.2.4  Iapulse  Deflection  Equipaent 

Any  piece  of  equipaent  which  delivers  a  transient  force  impulse  to  the 
paveaent  is  Included  in  this  group.  The  aost  coaaonly  used  equipaent  is  the 
Dynatest  Falling  Weight  Def lectoaeter  (FWD);  however,  the  KUAB  FWD  has  been 
recently  introduced  into  the  United  States,  and  the  Phoenix  FWD  has  been  in 
use  in  Europe  for  several  years.  In  addition  to  the  advantages  listed  for 
the  Dynaflect  and  Road  Rater,  the  FWD  has  a  relatively  saall  preload  when 
compared  to  the  iapulse  force  that  is  iaparted.  Most  iaportantly,  however, 
these  devices  are  specifically  designed  to  simulate  the  deflections  under 
moving  wheel  loads.  Finally,  deflection  basins  with  radii  up  to  96  inches 
can  be  measured. 

2.2.5  Other  Equipment 

There  are  several  other  devices  currently  in  various  stages  of  research 
and  development  that  should  be  noted.  Wave  velocity  equipment,  such  as  the 
Air  Force  impact  device  and  the  system  developed  by  the  University  of  Texas 
Center  for  Transportation  Research,  shows  proaise  for  determining  the  elastic 
modulus  of  layered  systems.  Their  major  weaknesses  lie  in  collecting  and 
interpreting  the  data  and  in  analyzing  joint  behavior. 


Laser  technology  and  photogrammetry  techniques  are  being  investigated  to 
measure  deflections  under  moving  loads.  These  devices  will  require  mounting 


on  loaded  trucks  or  aircraft  and,  therefore,  are  not  well  suited  for  the 
purposes  of  this  research. 

2.3  Nondestructive  Evaluation  Methods 

In  contrast  to  the  wide  variety  of  NDT  equipment  available,  there  are 
just  two  widely  used  approaches  to  the  mechanistic  analysis  of  rigid  pavement 
systems,  elastic  layered  theory  and  plate  theory.  Within  each  theory, 
however,  researchers  have  developed  engineering  models  to  meet  specific 
requirements  of  the  pavement  systems  being  evaluated.  For  example,  finite 
element  and  other  numerical  analysis  techniques  have  been  applied  to  both 
theories  to  substantially  enhance  their  capabilities.  The  following 

discussion  provides  a  brief  description  of  each  approach  and  appropriate 
references  for  further  detail. 

2.3.1  Elastic  Layered  Theory 

The  characterization  of  supporting  layers  in  pavement  systems  as  elastic 
solids  finds  its  origins  in  the  work  done  by  Boussinesq  circa  1885.  In  his 
approach,  soil  is  regarded  as  a  linearly  elastic,  isotropic,  homogeneous 
solid  of  infinite  extent  in  both  horizontal  and  vertical  directions.  In  the 
aid-1040' 8,  Buraister  (21,22)  extended  this  concept  to  two  and  three  layer 
systems  for  the  analysis  of  stresses  and  deflections  in  flexible  pavements. 
He  found  that  stiff  upper  layers  reduced  stresses  and  deflections  in  the 
subgrade  from  those  predicted  by  Boussinesq,  and  further,  that  this  reduction 
was  proportional  to  the  ratio  of  the  elastic  moduli.  Yoder  and  Witczak  (23) 
provide  an  excellent  summary  of  the  early  work  in  elastic  layered  concepts, 
but  they  chose  to  limit  their  coverage  to  those  solutions  that  could  be  hand 


calculated. 


The  recent  advances  in  the  elastic  layered  approach  have  centered  around 
the  development  of  computer  solutions  to  multi-layered  problems.  Ioannides 
et  al  (24)  and  Parker  and  Gunkel  (25)  present  a  thorough  review  of  the  basic 
codes  released  since  1963.  Initially  used  for  design  of  flexible  pavements 
and  flexible  overlays,  these  codes  are  now  being  modified  to  iteratively 
backcalculate  layer  moduli  for  prediction  of  pavement  response  to  loading 
conditions  in  both  flexible  and  rigid  systems.  Hall  (20),  Bush  (26),  and 
Uddin  (27)  describe  several  methods  currently  in  use. 

Elastic-layered  programs  have  been  particularly  attractive  for  rigid 
pavement  evaluation  for  several  reasons.  First,  they  allow  the 
characterization  of  the  pavement  as  a  multi-layered  system,  a  more  realistic 
approach  than  the  use  of  a  composite  subgrade  modulus,  k,  when  plate  theory 

is  employed.  Second,  elastic-layered  theory  has  been  proposed  by  many 
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engineers  as  the  single,  unified  procedure  that  can  best  accommodate  both 
flexible  and  rigid  design  and  evaluation  philosophies.  Third, 
characterization  of  the  supporting  materials  with  fundamental  properties  that 
can  be  verified  in  the  laboratory  is  seen  as  an  advantage  over  the  reliance 
on  a  single,  field-determined  modulus.  Finally,  elastic-layered  programs  are 
very  efficient  to  run  and  have  been  adapted  to  the  micro-computer.  Thus, 
results  can  be  obtained  quickly  in  the  field  without  relying  on  a  mainframe 
computer . 

The  most  serious  drawback  to  elastic-layered  analysis  of  rigid  pavements 
lies  in  the  inability  of  these  programs  to  analyze  the  most  critical  element 
of  the  entire  system,  the  joints.  They  can  not  provide  any  information  on 
pavement  response  under  edge  and  corner  loads,  or  the  efficiency  of  load 
transfer  systems  at  the  Joints.  In  addition,  they  do  not  take  into  account 
the  stress  dependency  of  granular  materials  or  the  effect  of  slab  size. 


2.3.2  Plate  Theory 

The  calculation  of  stresses  and  deflections  using  plate  theory  for 
slab-on-grade  pavements  regards  the  soil  aediua  as  a  bed  of  closely  spaced, 
independent,  linear  springs.  Each  spring  deforms  in  response  to  the  load 
applied  directly  to  it,  while  neighboring  ones  reaaln  unaffected.  Thus,  the 
vertical  stress  at  any  point  is  directly  related  to  the  deflection  at  that 
point  by  the  aodulus  of  subgrade  reaction,  k.  This  idealization  is  coaaonly 
referred  to  as  a  "dense  liquid"  and  is  attributed  to  Hinkler  (28).  In  the 
aid-1920's,  Hestergaard  (10)  developed  the  closed  fora  solutions  for 
slab-on-grade  response  to  circular  loads  that  fora  the  basis  for  design 
practices  still  in  use  today.  Again,  both  Ioannides  (24)  and  Yoder  and 
Witczak  (23)  present  excellent  suaaaries  of  the  original  work  done  by 
Hestergaard  and  others. 

The  deteraination  of  stresses  and  deflections  in  paveaent  slabs  with 
joints  and  other  discontinuities  has  been  a  subject  of  aajor  concern  for 
several  years.  For  aany  paveaent  structures,  it  has  been  virtually 
iBpossible  to  obtain  closed-fora  solutions  because  of  the  coaplexities  in 
boundary  conditions,  geoaetry,  and  aaterlal  properties.  Certain  siaplifying 
assumptions  could  be  Bade  to  perait  analytical  solutions,  such  as  those  used 
by  Hestergaard,  but  these  have  always  resulted  In  significant  aodlfication  of 
the  characteristics  of  the  problea.  As  in  the  case  of  elastic-layered 
theory,  however,  aajor  advances  in  plate  theory,  centered  around  the 
coaputer,  have  resolved  aany  of  these  concerns.  First,  influence  charts  (14) 
were  developed  to  handle  aultiple  wheel  applications  of  Hestergaard ' s 
equations.  Then  coaputerized  procedures  (15)  were  foraulated  to  facilitate 
these  calculations.  Now,  numerical  methods  such  as  the  finite  element 
(29,30),  finite  difference  (31),  and  discrete  element  models  (32)  are 


available  to  accommodate  a  wide  range  of  complex  boundary  conditions, 
including  load  transfer  at  joints  and  cracks,  stress-sensitive  granular 
materials,  and  Multiple  wheel  loads.  Thus,  the  Major  drawback  of  elastic 
layered  methods  is  avoided. 

The  prlwary  weaknesses  of  plate  theory,  and  particularly  the  Modern 
nunerical  Methods,  are  More  apparent  in  the  design  of  pavement  structures 
than  in  their  evaluation.  Unlike  laboratory-based  elastic  Moduli,  it  can  be 
difficult  to  achieve  a  specific  design  Modulus  of  subgrade  reaction  when 
several  material  layers  are  used  in  construction.  In  evaluation  of  rigid 
pavements,  however,  the  itea  of  interest  is  usually  the  total  support 
provided  to  the  PCC  layer,  such  as  a  k  value,  for  prediction  of  pavenent 
response.  Second,  the  return  to  plate  theory  represents  a  departure  froa  the 
"unified"  approach  sought  by  many  engineers.  Unfortunately,  this 
philosophically  sound  and  practically  desirable  approach  has  been  reduced  to 
the  mere  elimination  of  one  of  the  two  theories.  Eventually,  a  single 
approach  will  probably  be  developed  that  will  incorporate  the  most  desirable 
features  of  each.  In  the  interim,  plate  theory  remains  a  useful  and 
inperative  option.  Finally,  the  rapid  advances  in  computer  technology  are 
quickly  dispelling  any  concerns  regarding  meaory  requirements  and  execution 
tine  of  these  Modern  numerical  models. 

2.4  Description  of  Selected  Equipment  and  Model 

In  light  of  the  above  investigation  of  available  nondestructive  equipment 
and  engineering  models,  the  Dynatest  Model  8000  Falling  Meight  Def lectometer 
and  the  ILLI-SLAB  finite  element  program  were  selected  for  this  research. 
Each  represents  the  latest  advancements  in  the  state  of  the  art,  but  more 
importantly,  they  were  selected  because  of  the  confidence  the  author  and 


other  research  and  field  engineers  have  in  their  ability  to  simulate  actual 
loading  conditions  on  airfield  pavements.  A  brief  description  of  each  is 
presented  below. 

2.4.1  The  Dynatest  Model  8000  FWD 

The  Dynatest  Model  8000  FWD  is  the  most  widely  used  FWD  in  the  United 
States.  It  is  manufactured  in  Denmark  and  distributed  by  Dynatest  Consulting 
of  Ojai,  California.  The  testing  system  is  trailer-mounted  and  weighs 
between  1323  and  1875  pounds  depending  on  the  weight  of  the  falling  mass 
used.  The  entire  unit  can  be  towed  by  a  standard  automobile,  as  shown  in 
Figure  2-1. 

The  impulse  force  is  created  by  dropping  masses  from  different  heights. 
The  system  is  equipped  with  four  mass  levels  weighing  110,  220,  440,  and  660 
pounds.  By  varying  the  drop  heights  and  mass  levels,  impulse  forces  ranging 
between  1500  and  24000  pounds  can  be  achieved.  The  masses  are  raised 
hydraulically  and  released  on  an  electronic  signal.  The  drop  heights  can  be 
varied  from  0.8  to  15.0  Inches.  The  system  is  equipped  with  four  electronic 
triggers  to  allow  four  drop  heights  without  changing  trigger  locations. 
These  heights  are  calibrated  to  give  the  desired  range  of  loads. 

The  masses  drop  onto  a  rubber  buffer  system  to  provide  a  load  pulse  in 
approximately  a  half-sine  wave  form  with  25  to  30  millisecond  duration  (see 
Figure  2-2).  The  load  is  transmitted  to  the  pavement  through  an  11.8  inch 
diameter  loading  plate,  and  measured  using  a  strain  gauge-type  load 
transducer.  Deflections  are  measured  using  up  to  seven  velocity  transducers 
mounted  on  a  .bar  which  is  lowered  automatically  with  the  loading  plate.  The 
bar  places  six  transducers  at  locations  up  to  90  inches  from  the  center  of 
the  load  plate.  The  seventh  sensor  is  located  at  the  center  of  the  plate.  A 
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? 


Figure  2-2.  Typical  Force  Output  of  the  FWD 
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typical  configuration  is  shown  in  Figure  2-3.  The  velocity  transducers  are 
specifically  designed  to  insure  a  linear  response  with  the  25  to  30 
Millisecond  rise  tiae. 

The  information  from  the  transducers  and  load  cell  are  fed  into  a 
Microprocessor-based  control  and  registration  unit.  The  signals  from  the 
velocity  transducers  are  processed  through  an  integrating  preamplifier,  then 
through  an  amplifier,  and  finally  through  a  rectifier  to  produce  a  direct 
current  signal  which  is  directly  proportional  to  displacement.  The  signal 
froM  the  load  cell  is  processed  in  Much  the  same  way,  except  it  does  not 
require  integration.  The  results  are  then  fed  into  a  Hewlitt-Packard  Model 
85  cowputer  (HP-85)  which  records  them  on  paper  tape  and  magnetic  cassette. 
The  HP-85  also  controls  the  complete  operation,  including  lowering  the  plate 
and  deflection  sensors  to  the  pavement  surface,  raising  the  mass  to 
predetermined  drop  heights,  releasing  the  mass,  recording  the  results, 
raising  the  loading  plate  and  sensors,  and  signalling  the  operator  at 
completion  of  the  test.  Results  are  processed  in  metric  units  but  can  be 
stored  in  either  metric  or  British  units.  The  entire  operation  can  be 
controlled  by  one  person  from  the  front  seat  of  the  tow  vehicle,  and 
typically  requires  45  seconds  to  complete  an  entire  test  sequence. 

Power  to  operate  the  trailer  hydraulics  is  supplied  by  heavy  duty 
batteries  mounted  on  the  trailer  and  continuously  charged  by  the  special 
alternator  system  installed  in  the  tow  vehicle.  The  computer  is  powered  by  a 
separate  battery  that  is  charged  independently  from  the  trailer  batteries. 

2.4.2  The  ILLI-SLAB  Finite  Element  Program 

ILL I -SLAB  was  developed  at  the  University  of  Illinois  in  the  late  1970's 
for  structural  analysis  of  jointed,  one-  or  two-layer  concrete  pavements  with 


the  classical  theory  of  a  medium-thick  plate  on  a  Winkler  foundation,  and  can 
evaluate  the  structural  response  of  a  concrete  pavement  system  with  joints 
and/or  cracks.  It  employs  the  4-noded,  12-dof  plate  bending  (ACM  or  RPB12) 
element.  The  Winkler-type  subgrade  can  be  modeled  either  as  a  uniformly  or 
variably  distributed  pressure  subgrade  through  an  equivalent  mass 
formulation.  This  is  a  more  realistic  representation  than  the  four 
concentrated  spring  elements  used  in  other  finite  element  programs  such  as 
WESLIQID  and  FINITE,  because  it  eliminates  discontinuities  in  the  deflection 
profiles.  Two  stabilized  layers,  in  addition  to  the  unbound  supporting 
layers,  can  be  accommodated,  which  adds  immensely  to  its  versatility  in 
analyzing  rigid  pavements  with  stabilized  bases  or  rigid  overlays. 

Recent  efforts  by  Ioannides  (24)  to  revise  and  expand  ILLI -SLAB  have 
produced  a  versatile,  easy  to  use  tool  with  improved  accuracy.  Three  new 
foundation  models  have  been  added  to  provide  the  capability  to  analyze  a  slab 
on  a  stress  dependent  subgrade,  a  semi-infinite  half  space,  or  a 
two-parameter  foundation.  Guidelines  for  proper  mesh  construction  have  been 
provided,  and  a  global  coordinate  system  is  now  in  place  for  easy  use  in 
analysis.  Finally,  a  reexamination  of  the  time-honored  Westergaard  solutions 
in  light  of  the  finite  element  method  has  conclusively  established  the 
correct  form  of  the  equations  and  their  limitations.  The  work  by  Ioannides 
et  al, (24)  has  been  instrumental  in  the  development  of  the  procedures  used 
throughout  this  study. 


CHAPTER  3 


THE  FIELD  RESEARCH  PROGRAM 

The  engineer  performing  NDT  &  E  of  an  airfield  pavement  system  is 
invariably  faced  with  what  must  seem  like  an  overwhelming  ta3k  of  planning 
and  executing  the  data  collection  program.  The  tremendous  number  of  tests 
that  are  possible  in  a  relatively  short  time  period  with  the  FWD  permits 
great  flexibility  in  evaluating  many  features  and  distress  patterns. 
However,  this  flexibility  also  leads  to  a  certain  amount  of  perplexity  in 
trying  to  plan  the  most  efficient  manner  in  which  to  collect  and  organize 
such  a  vast  quantity  of  data.  Adding  to  this  confusion  are  the  inevitable 
variabilities  associated  with  the  testing  of  nonhomogeneous ,  anisotropic 
paving  materials  subjected  to  wide  ranges  in  climatic  conditions.  A  major 
objective  of  this  research  was  to  provide  specific  guidelines  to  the  engineer 
for  conducting  the  field  testing  program  in  light  of  these  inherent 
variations,  and,  to  this  end,  the  field  research  program  was  designed. 

3.1  Major  Concerns 

With  the  introduction  of  NDT  &  E  in  the  early  1960's,  engineers  began  to 
experience  significant  variation  in  field  test  measurements  over  relatively 
short  time  periods.  Such  variations  surely  existed  with  destructive  testing 
methods,  but  were  largely  ignored  because  of  the  expense  involved  In 
performing  repeated  testing.  To  date,  little  has  been  formally  written  on 
this  problem,  particularly  in  regards  to  rigid  airfield  pavements,  either 
because  equipment  manufacturers  were  reluctant  to  publicize  such  information, 
or  because  testing  firms  did  not  have  the  impetus  to  explore  the  problem. 
This  research  effort  has  attempted  to  quantify  this  variation  for  several 


aspects  of  the  rigid  pavement  evaluation  process.  The  following  specific 
concerns  have  been  addressed: 

1.  What  is  the  repeatability  of  FWD  deflection  and  load  measurements  at 
the  center,  edge,  and  corner  of  a  slab  over  any  given  minute,  hour,  day, 
month,  or  season? 

2.  What  is  the  effect  of  pavement  or  air  temperature  on  FWD  deflection 
and  load  measurements,  backcalculated  slab  and  subgrade  moduli,  and  load 
transfer  efficiencies  at  joints? 

3.  How  much  variation  exists  in  PCC  elastic  modulus,  subgrade  modulus, 
and  load  transfer  efficiency  from  slab  to  slab  within  the  same  feature? 

4.  How  does  the  magnitude  of  load  affect  backcalculated  moduli  and  load 
transfer  efficiency? 

5.  How  does  the  type  of  joint  construction  influence  the  load  transfer 
efficiency-temperature  relationship? 

6.  Is  load  transfer  efficiency  relatively  constant  along  the  joint? 

The  remainder  of  this  chapter  describes  the  field  research  test  program,  the 
specific  procedures  developed  to  address  each  of  the  major  concerns,  and  the 
results  pertaining  to  variability  of  load  and  deflection  measurements. 
Chapters  4  and  5  will  deal  specifically  with  load  transfer  efficiency  and 
moduli  variation,  respectively. 

3.2  Selection  of  Field  Test  Sites 

Several  factors  were  considered  in  selecting  suitable  locations  to 
collect  data,  but  of  utmost  concern  was  repeated  access  to  pavement  sections 
that  were  typical  of  those  in  service  at  any  major  airfield.  Such  access  is 
normally  not  available  for  extended  periods  of  tine  unless  the  airfield,  or 
major  portions  of  it,  are  shut  down  for  maintenance.  Fortunately,  the  U.S. 
Air  Force  Engineering  and  Services  Center  Pavement  Evaluation  Team  routinely 


coordinates  the  closure  of  entire  runway,  taxiway,  and  apron  facilities  for 
three  day  periods  to  perfora  destructive  evaluations,  and  it  was  their 
scheduling  that  dictated  the  final  selection  of  test  sites. 

With  the  cooperation  of  the  Paveaent  Evaluation  Teaa,  three  Air  Force 
installations  were  visited  between  March  and  June  1984,  representing  a  wide 
cross  section  of  environaental ,  geographic,  and  operational  conditions. 
Sheppard  Air  Force  Base  (AFB)  in  Wichita  Falls,  Texas  is  a  pilot  training 
base  with  an  even  nix  of  T-37  and  T-38  aircraft  presently  using  the  airfield 
paveaents.  The  base,  however,  was  originally  designed  for  heavy  load  boaber 
aircraft,  and  as  such  contained  a  wide  range  of  PCC  thicknesses,  including 
soae  very  thick,  little  used  apron  and  taxiway  features.  These  paveaents 
were  selected  for  nost  of  the  repeated  FWD  testing  because  of  their  unliaited 
access.  Testing  began  on  13  March  1984  using  a  Dynatest  Model  8000  FWD 
furnished  by  the  U.S.  Arny  Waterways  Experiaent  Station  at  Vicksburg, 
Mississippi . 

On  5  May  1984  testing  continued  on  the  Runway,  Parallel  taxiway,  and 
Operational  Apron  at  Plattsburgh  AFB,  New  York,  a  Strategic  Air  Coaaand  base 
with  an  F-lll  and  KC-135  aission.  Again,  variability  of  FWD  aeasureaents  was 
investigated,  but  greater  eaphasis  was  placed  on  verification  of  the  revised 
traffic  area  concepts  presented  in  Chapter  8. 

Seyaour-Johnson  AFB,  North  Carolina  was  visited  in  aid-June  1984.  This 
Tactical  Air  Coaaand  base  supports  prlaarily  F-4  aircraft  on  15  to  21  inch 
PCC  paveaent.  The  aajor  thrust  at  this  location  was  to  siaulate  an  actual 
evaluation  prograa  by  testing  as  aany  different  features  as  possible  in  a 
three  day  period.  Each  feature  was  tested  between  9:00  aa  and  3:00  pa  and 
again  between  3:00  aa  and  7:00  aa  to  provide  additional  information  on 
teaperature  effects  and  to  establish  the  feasibility  of  night  testing. 


At  the  conclusion  of  this  portion  of  the  field  research  program,  it 
became  evident  that  hourly  and  daily  temperature  variations  could  effect  NDT 
measurements ,  but  nothing  was  known  about  monthly  or  seasonal  changes.  As  a 
result,  Sheppard  AFB  was  revisited  in  mid-July  1984  to  retest  the  same 
locations  but  at  much  higher  temperatures.  Figures  3-1  through  3-3  point  out 
the  features  selected  for  testing  at  each  installation,  and  Table  3-1 
summarizes  their  physical  properties. 

3.3  FWD  Measurement  Repeatability 

The  first  major  concern  addressed  during  the  field  research  program  was 
the  repeatability  of  the  FWD  load  and  deflection  measurements.  If  the 
validity  of  these  measurements  can  be  established,  then  confidence  can  be 
expressed  in  the  equipment,  and  a  firm  foundation  can  be  laid  for  the 
analysis.  To  investigate  this  aspect  of  the  data  collection  process,  a 
testing  program  was  conducted  at  Sheppard  AFB  to  measure  loads  and 
deflections  for  several  combinations  of  load,  temperature,  and  thickness. 

3.3.1  Constant  Temperatures 

Testing  for  repeatability  began  by  devising  a  test  pattern  for  the  FWD 
consisting  of  five  points  on  each  slab,  three  load  levels,  and  four  complete 
repetitions.  This  pattern  was  repeated  for  three  slabs  in  each  feature  and 
for  three  features  of  different  thickness.  Figure  3-4  illustrates  the'test 
pattern  used. 

The  sequence  of  events  for  a  complete  pattern  was  as  follows:  1)  the 
loading  plate  was  lowered  over  Point  1,  a  series  of  three  drops  at  low. 
medium  and  high  load  levels  was  performed,  and  then  the  plate  was  raised  to 
the  travel  position;  2)  this  same  sequence  was  performed  a  second  time 
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without  moving  the  FWD:  3)  steps  1  and  2  were  repeated  at  each  of  the  five 
locations  on  the  slab;  4)  steps  1,  2,  and  3  were  repeated  for  the  entire 
slab;  4)  steps  1  through  4  were  repeated  for  each  of  three  slabs  in  Feature 
T4A;  and  6)  steps  1  through  5  were  repeated  for  Features  A3B  and  A5B .  The 
entire  test  sequence  for  one  slab  took  approximately  45  minutes  to  complete, 
thus  minimizing  the  effects  of  temperature  change  on  the  measurements.  Each 
of  the  four  series  of  drops  at  each  point  on  the  slab  could  have  been 
performed  consecutively,  but  by  moving  the  FWD  and  then  returning  to 
approximately  the  same  spot,  it  was  felt  that  a  more  realistic  measure  of 
repeatability  could  be  achieved. 

The  results  of  this  study  on  FWD  measurement  repeatability  are  presented 
in  the  form  of  tables.  Tables  3-2  through  3-7  show  the  results  of  three 
different  load  levels  on  each  of  the  five  positions  in  a  slab.  Slab  1  of 
Feature  T4A  was  selected  to  illustrate  the  degree  of  repeatability  typical  of 
each  slab.  Tables  3-8  and  3-9  are  presented  to  verify  that  the  same  trends 
continue  for  various  PCC  thicknesses. 

An  examination  of  each  of  these  tables  reveals  that  appreciable 
improvement  in  the  coefficient  of  variation  can  be  expected  as  the  load  level 
increases.  Typically,  load  measurements  average  about  2  1/2  percent 
variation  in  the  7000  pound  range  while  deflections  average  about  6  percent. 
As  loads  increase  to  15000  pounds,  the  variation  in  load  measurement  drops  to 
about  2  percent  with  deflections  dropping  to  near  5  percent.  Finally,  23000 
pound  loads  display  about  a  1  percent  variation,  and  their  corresponding 
deflections  about  4  percent.  These  typical  values  apply  to  the  joints  as 
well  as  to  the  center  slab  positions.  Table  3-3  shows  typical  results  of  the 
attempt  to  eliminate  the  influence  of  small  differences  in  load  magnitude  on 
the  deflection  sensor  readings  by  comparing  load/deflection  ratios.  The 


TABLE  3-3.  FWD  LOAD/DEFLECTION  RATIO  REPEATABILITY  AT 

CONSTANT  TEMPERATURE  FOR  SHEPPARD  FEATURE  T04A. 
SLAB  NO.  I,  AT  THE  CORNER  POSITION 

Sensor  Load/Def lection  Ratios 

Load!1)  Test  - 


Range 

No. 

Load 
(lbf ) 

DO 

D1 

D2 

D3 

( lbf /mil ) 

D4 

D5 

D6 

Low 

1 

7568 

2225 

4451 

4370 

5405 

6306 

6880 

8408 

2 

7360 

2230 

4906 

4906 

5661 

6690 

6690 

8177 

3 

6880 

2372 

4047 

4586 

5292 

6254 

6254 

7644 

4 

7088 

2362 

4430 

4725 

5452 

5906 

7088 

7875 

Average 

7224 

2297 

4458 

4646 

5452 

6289 

6728 

8026 

Coef . 

of  Var. 

.04 

.04 

.08 

.05 

.03 

.05 

.05 

.04 

Medium  1 

15536 

1804 

4510 

4947 

5477 

6390 

6970 

8071 

2 

15540 

1828 

4570 

5012 

5550 

6475 

7063 

8178 

3 

14912 

1962 

4030 

4518 

4970 

5735 

6778 

7456 

4 

14936 

1890 

4036 

4392 

4978 

5744 

6493 

7468 

Average 

15206 

1871 

4286 

4717 

5243 

6086 

6826 

7793 

Coef.  of  Var. 

.02 

.04 

.07 

.07 

.06 

.07 

.05 

.05 

High  1 

22801 

1727 

4470 

5066 

5700 

6514 

7355 

8444 

2 

22817 

1702 

4563 

5070 

5565 

6338 

7130 

8450 

3 

22196 

1834 

4035 

4624 

5161 

5841 

6341 

7653 

4 

22483 

1827 

4087 

4683 

5228 

5764 

6612 

7752 

Average 

22574 

1772 

4288 

4860 

5413 

6114 

6859 

8074 

Coef.  of  Var. 

.01 

.04 

.06 

.05 

.05 

.06 

.07 

.05 

(1)  Load  ranges  -  Low: 

6000-  9000 

lbf 

Medium: 

14000-16000 

lbf 

High: 

22000-25000 

lbf 

TABLE  3-4.  FWD  LOAD  AND  DEFLECTION  MEASUREMENT  REPEATABILITY  AT 
CONSTANT  TEMPERATURE  FOR  SHEPPARD  FEATURE  T04A.  SLAB 
NO.  1,  AT  THE  CENTER  SLAB  POSITION 


TABLE  3-6.  FWD  LOAD  AND  DEFLECTION  MEASUREMENT  REPEATABILITY  AT 
CONSTANT  TEMPERATURE  FOR  SHEPPARD  FEATURE  T04A,  SLAB 
NO.  1,  AT  THE  TRANSVERSE  JOINT 


Sensor  Deflections 
Load  Test  - — 


Range 

(lbf) 

No . 

Load 

(lbf) 

DO 

D1 

D2 

D3 

(mils) 

D4 

D5 

D6 

Low 

1 

7456 

1.6 

1.2 

1.1 

1.0 

0.9 

0.7 

0.6 

2 

7416 

1.8 

1.2 

1.1 

1.0 

0.9 

0.7 

0.6 

3 

7184 

1.5 

1.2 

1.1 

1.0 

0.9 

0.7 

0.6 

4 

7184 

1.6 

1.2 

1 . 1 

1.0 

0.9 

0.7 

0.7 

Average 

7310 

1.63 

1.20 

1.10 

1.00 

0.90 

0.70 

0.63 

Coef . 

of  Var. 

.02 

.08 

<.005 

<.005  <.005 

<.005 

<.005 

.08 

Medium  1 

15400 

3.0 

2.6 

2.3 

2.1 

1.8 

1.6 

1.4 

2 

15336 

4.0 

2.5 

2.3 

2.0 

1.8 

1.6 

1.4 

3 

15168 

3.7 

2.7 

2.4 

2.1 

1.9 

1.7 

1.5 

4 

15120 

3.8 

2.7 

2.4 

2.1 

1.9 

1.7 

1.4 

Average 

15256 

3.85 

2.63 

2.35 

2.08 

1.85 

1.65 

1.43 

Coef.  of  Var. 

.01 

.03 

.04 

.02 

.02 

.03 

.03 

.03 

High  1 

23055 

6.1 

3.7 

3.3 

3.0 

2.6 

2.3 

2.0 

2 

23214 

6.2 

3.7 

3.2 

3.0 

2.6 

2.2 

2.0 

3 

22880 

5.7 

3.7 

3.5 

3.2 

2.8 

2.4 

2.1 

4 

22546 

5.8 

3.7 

3.5 

3.2 

2.8 

2.2 

2.1 

Average 

22923 

5.95 

3.70 

3.38 

3.10 

2.70 

2.28 

2.05 

Coef.  of  Var. 

.01 

.04 

<.005 

.04 

.04 

.04 

.04 

.03 

(1)  Load  ranges  -  Low:  6000-  9000  lbf 

Medium :  14000-16000  lbf 

Hleh:  22000-25000  lbf 


TABLE  3-8. 


Load 

Range 


FWD  LOAD  AND  DEFLECTION  MEASUREMENT  REPEATABILITY  AT 
CONSTANT  TEMPERATURE  FOR  SHEPPARD  FEATURE  A03B,  SLAB 
NO.  2,  AT  THE  CENTER  SLAB  POSITION 

Sensor  Deflections 

st  - 

a.  Load  DO  D1  D2  D3  D4  D5  D6 
(lbf )  (mils) 


Average 

Coef . 

of  Var 

Medium 

1 

2 

3 

4 

Average 

Coef . 

of  Var 

High 

1 

2 

3 

4 

Average 

Coef . 

of  Var 

5.38  5.05  4.43  3.78  3.13  2.43  1.85 

.04  .06  .04  .04  .05  .04  .03 


11.1 

10.3 

9.1 

7.8 

11.0 

10.6 

8.9 

7.6 

10.2 

9.6 

8.3 

7.5 

10.5 

9.6 

8.5 

7.2 

10.70 

10.03 

8.70 

7.53 

6.13 

4.90 

3.70 

.04 

.05 

.04 

.03 

.04 

.02 

.03 

16.2 

15.0 

13.1 

11.1 

9.2 

7.2 

5.4 

15.8 

14.8 

12.8 

10.9 

9.0 

7.2 

5.4 

14.9 

13.9 

12.0 

10.4 

8.5 

6.8 

5.0 

15.0 

13.9 

12.0 

10.2 

8.5 

6.8 

5.0 

15.48  14.40  12.48  10.65  8.80  7.03  5.20 
5  .04  .04  .03 


(1)  Load  ranges  -  Low: 

Medium: 

High: 


6000-  9000  lbf 
14000-16000  lbf 
22000-25000  lbf 


TABLE  3-9. 


FWD  LOAD  AND  DEFLECTION  MEASUREMENT  REPEATABILITY  AT 
CONSTANT  TEMPERATURE  FOR  SHEPPARD  FEATURE  A05B.  SLAB 
NO.  4.  AT  THE  TRANSVERSE  JOINT 

Sensor  Deflections 

3  D4  D5 
Is) 


Average 
Coef.  of  Var 


Medium 


Average 
Coef.  of  Var 


2.10  2.03  1.78 


1.33  1.18 


Average 
Coef.  of  Var 


6.55  6.15  5.40  4.73  4.15  3.60  3.15 

.01  .02  .02  .02  .01  .03  .02 


(1)  Load  ranges  -  Low: 

Medium: 

High: 


6000-  9000  lbf 
14000-16000  lbf 
22000-25000  lbf 


•  '•  ’  t*-r v**  Y1' * ; ;r,‘). y " * 


I.  •  -  a  f  :;"V  ‘ V*.' 


4.48 

4.23 

3.68 

3.25 

2.95 

2.53 

2.20  1 

.01 

.01 

.01 

.02 

.02 

.02 

<.005 

6.6 

6.2 

5.5 

4.8 

4.2 

3.7 

3.2 

6.6 

6.3 

5.4 

4.8 

4.2 

3.7 

3.2 

6.5 

6.1 

5.4 

4.7 

4.1 

3.5 

3.1 

6.5 

6.0 

5.3 

4.6 

4.1 

3.5 

3.1 

r 


results  show  no  iaproveaent  in  coefficients  of  variation  for  deflection 
aeasureaents  when  "noraalized"  by  load. 

Of  particular  interest  in  these  tables  is  the  consistency  of  the  first 
and  second  drops  (aade  within  30  seconds  of  each  other)  and  the  third  and 
fourth  drops  (also  aade  within  30  seconds  of  each  other  but  nearly  30  ainutes 
after  the  first  two  drops).  Generally,  the  second  pair  of  drops  produced 
slightly  lower  deflections  and  loads,  a  definite  trend  that  is  attributable 
to  increased  teaperatures  in  the  rubber  buffers.  Further  evidence  of  this 
phenoaenon  will  be  presented  later  in  this  chapter. 

Differences  in  the  drops  can  also  be  partially  accounted  for  by  slight 
inaccuracies  in  repositioning  the  FWD,  and  by  rounding  of  the  deflection 
values  to  the  nearest  one-tenth  ail.  Overall,  however,  the  FWD  exhibits 
reaarkable  consistency  in  aeasuring  very  transient  loads  and  saall 
deflections  on  such  nonunifora  aaterials. 


3.3.2  Changing  Teaperatures 

Results  of  the  previous  section  indicate  that  good  consistency  exists  in 
FWD  aeasureaents  at  relatively  constant  teaperature  for  all  points  on  the 
slab,  thus  ainiaizing  the  influence  of  the  equipaent  on  the  variability  of 
the  end  product,  the  backcalculated  aoduli  and  load  transfer  efficiency. 
This  section  looks  at  the  contribution  of  tine,  teaperature,  and,  to  soae 
extent,  seasonal  changes  toward  the  variation  in  FWD  load  and  deflection 
aeasureaents  at  center  slab  within  hourly  and  daily  periods.  Moisture  is 
presuBed  to  play  a  aodest  role  in  the  variations  observed,  but  it  is  very 
difficult  to  account  for  it  apart  froa  teaperature  over  short  tiae  periods. 
Therefore,  only  tiae  and  teaperature  differences  are  used  in  the 


coaparisons.  Seasonal  variations  in  FWD  aeasureaents  are  also  prestned  to 


exist,  as  a  logical  extension  of  daily  variations,  but  unless  the  drop 
heights  on  the  FWD  regained  unchanged  from  March  through  July,  which  was  not 
possible  in  this  case,  this  effect  can  only  be  examined  using  backcalculated 
moduli.  Chapter  5  will  deal  with  this  aspect  in  detail. 

The  testing  pattern  developed  for  the  repeatability  study  was  specially 
designed  for  that  purpose,  but  was  not  well  suited  for  the  routine  collection 
of  large  amounts  of  information  for  many  pavement  slabs.  As  a  result,  the 
pattern  of  Figure  3-4  was  reduced  to  that  shown  in  Figure  3-5.  This  "normal" 
pattern  permitted  sampling  at  each  key  location  on  a  slab  while  assisting  the 
transition  to  the  next  slab.  Using  this  modified  pattern,  load  and 
deflection  measurements  were  taken  at  the  same  points  on  each  slab,  under 
several  temperature  conditions,  but  within  the  same  three-day  period.  Tables 
3-10  through  3-14  provide  examples  of  the  influence  of  temperature 
fluctuations  on  FWD  measurements  made  at  center  slab  positions  only.  Joints 
and  corners,  as  will  be  seen  later,  are  significantly  affected  by  temperature 
changes,  and  therefore  would  not  provide  a  meaningful  comparison  to  the 
constant  temperature  case. 

The  trends  displayed  in  Tables  3-10  through  3-13  closely  parallel  the 
findings  for  the  constant  temperature  cases  presented  earlier.  These 
measurements  were  taken  in  July  with  only  a  20-degree  spread  between  maximum 
and  minimum  temperatures.  The  coefficients  of  variation  for  load  and 
deflection  measurements  are  nearly  identical  to  those  of  the  constant 
temperature  case,  and  significant  improvement  in  these  coefficients  can  be 
obtained  at  the  higher  load  levels.  Table  3-11  is  again  presented  as  a 
typical  result  of  the  effort  to  see  if  any  improvement  in  deflection 
measurement  consistency  could  be  obtained  by  normalizing  with  load,  but  the 
results  show  only  slight  reductions  in  the  coefficients  of  variation. 


(D  Loading  Plat* 
Position  No. 


Figure  3-5.  Recommended  FWD  Testing  Pattern  for  Network 
Level  Evaluations 


TABLE  3-10.  FWD  LOAD  AND  DEFLECTION  MEASUREMENT  REPEATABILITY 

UNDER  VARYING  TEMPERATURES  FOR  SHEPPARD  FEATURE  T04A. 
SLAB  NO.  1.  AT  THE  CENTER  SLAB  POSITION 

Temp.  Sensor  Deflections 

Load  Cond.  - 


Range 

No. 

Load 
( lbf ) 

DO 

D1 

D2 

D3 

(mils) 

D4 

D5 

D6 

Low 

1 

8395 

1.1 

1.0 

1.0 

0.9 

0.8 

0.7 

0.6 

2 

8300 

1.1 

1.0 

1.0 

0.9 

0.9 

0.8 

0.6 

3 

8125 

1.1 

1.0 

0.9 

0.9 

0.8 

0.8 

0.7 

4 

7998 

1.0 

1.0 

0.9 

0.9 

0.8 

0.7 

0.7 

Average 

8205 

1.08 

1.00 

0.95 

0.90 

0.83 

0.75 

0.65 

Coef . 

of  Var. 

.02 

.05 

<.005 

.06 

<.005 

.06 

.08 

.09 

Medium  1 

15534 

2.4 

2.1 

2.0 

1.9 

1.7 

1.6 

1.4 

2 

15582 

2.4 

2.2 

2.1 

2.0 

1.8 

1.7 

1.5 

3 

15852 

2.3 

2.2 

2.0 

1.9 

1.8 

1.7 

1.4 

4 

15964 

2.3 

2.1 

2.0 

1.9 

1.8 

1.6 

1.4 

Average 

15733 

2.35 

2.15 

2.03 

1.93 

1.78 

1.65 

1.45 

Coef.  of  Var. 

.01 

.02 

.03 

.02 

.03 

.03 

.03 

.04 

High  1 

23389 

3.6 

3.0 

2.9 

2.8 

2.5 

2.2 

2.0 

2 

23484 

3.4 

3.1 

3.0 

2.8 

2.5 

2.4 

2.0 

3 

23357 

3.3 

3.0 

3.0 

2.7 

2.5 

2.2 

2.0 

4 

23071 

3.3 

3.0 

2.9 

2.7 

2.5 

2.2 

2.0 

Average 

23325 

3.40 

3.03 

2.95 

2.75 

2.50 

2.25 

2.00 

Coef.  of  Var. 

.01 

.04 

.02 

.02 

.02 

.00 

.04 

<.00i 

Notes:  Temperature  Condition  No.  1  existed  on  10  July  at  l:55p  at 
an  air  temperature  of  101  degrees  F. 

Temperature  Condition  No.  2  existed  on  11  July  at  8:45a  at 
an  air  temperature  nf  89  degrees  F. 

Temperature  Condition  No.  3  existed  on  11  July  at  9:20a  at 
an  air  temperature  of  91  degrees  F. 

Temperature  Condition  No.  4  existed  on  12  July  at  10:00a  at 
an  air  temperature  of  82  degrees  F. 


TABLE  3-11.  FWD  LOAD /DEFLECT ION  RATIO  REPEATABILITY  UNDER 

VARIYING  TEMPERATURES  FOR  SHEPPARD  FEATURE  T04A. 
SLAB  NO.  1.  AT  THE  CENTER  SLAB  POSITION 

Temp.  Sensor  Load/Deflection  Ratios 

Load  Cond  - 


Range 

No. 

Load 

(lbf) 

DO 

D1 

D2 

( 

D3 

;  lbf/mil ) 

D4 

D5 

D6 

Low 

1 

8395 

7631 

8395 

8395 

9327 

10493 

11992 

13991 

2 

8300 

7545 

8300 

8300 

9222 

9222 

10375 

13833 

3 

8125 

7386 

8125 

9027 

9027 

10156 

10156 

11607 

4 

7998 

7998 

7998 

8886 

8886 

9997 

11425 

11425 

Average 

8205 

7640 

8204 

8652 

9115 

9967 

10987 

12714 

Coef . 

of  Var. 

.02 

.03 

.02 

.04 

.02 

.05 

.08 

.11 

Medium  1 

15534 

6472 

7397 

7767 

8175 

9137 

9708 

11095 

2 

15582 

6492 

7082 

7420 

7791 

8656 

9165 

10388 

3 

15852 

6892 

7205 

7926 

8343 

8806 

9324 

11322 

4 

15964 

6940 

7601 

7982 

8402 

8868 

9977 

11402 

Average 

15733 

6699 

7321 

7773 

8177 

8866 

9543 

11051 

Coef.  of  Var. 

.01 

.04 

.03 

.03 

.03 

.02 

.04 

.04 

High  1 

23389 

6496 

7796 

8065 

8353 

9355 

10631 

11694 

2 

23484 

6907 

7575 

7828 

8387 

9393 

9785 

11742 

3 

23357 

7077 

7785 

7785 

8650 

9342 

10616 

11678 

4 

23071 

6991 

7690 

7955 

8544 

9228 

10486 

11535 

Average 

23325 

6867 

7711 

7908 

8483 

9329 

10379 

11662 

Coef.  of  Var. 

.01 

.04 

.01 

.02 

.02 

.01 

.04 

.01 

Notes:  Temperature  Condition  No.  1  existed  on  10  July  at  l:55p  at 
an  air  temperature  of  101  degrees  F. 

Temperature  Condition  No.  2  existed  on  11  July  at  8:45a  at 
an  air  temperature  of  89  degrees  F. 

Temperature  Condition  No.  3  existed  on  11  July  at  9:20a  at 
an  air  temperature  of  91  degrees  F. 

Temperature  Condition  No.  4  existed  on  12  July  at  10:00a  at 
an  air  temperature  of  82  degrees  F. 


TABLE  3-12.  FWD  LOAD  AND  DEFLECTION  MEASUREMENT  REPEATABILITY 

UNDER  VARYING  TEMPERATURES  FOR  SHEPPARD  FEATURE  A03B , 
SLAB  NO.  2,  AT  THE  CENTER  SLAB  POSITION 


Load 

Range 

Temp . 
Cond. 
No. 

Load 

(lbf) 

Sensor 

Deflections 

DO 

D1 

D2 

D3 

(mils) 

D4 

D5 

D6 

Low 

1 

7886 

3.9 

3.5 

3.1 

2.6 

2.2 

1.7 

1.3 

2 

8014 

4.4 

4.1 

3.7 

3.2 

2.7 

2.2 

1.7 

3 

7807 

4.2 

3.8 

3.3 

2.9 

2.3 

1.9 

1  .4 

Average 

7902 

4.17 

3.80 

3.37 

2.90 

2.40 

1.93 

1.47 

Coef . 

of  Var. 

.01 

.06 

.08 

.09 

.10 

.11 

.  13 

.  14 

Medium 

1 

14819 

8.4 

7.5 

6.7 

5.7 

4.8 

3.9 

2.9 

2 

15884 

9.0 

8.3 

7.6 

6.5 

5.5 

4.5 

3.4 

3 

15487 

9.1 

8.2 

7.3 

6.2 

5.0 

4.1 

3.1 

Average 

15397 

8.83 

8.00 

7.20 

6.13 

5.10 

4.17 

3.13 

Coef . 

of  Var. 

.03 

.04 

.05 

.06 

.07 

.07 

.07 

.08 

High 

1 

22085 

11.8 

10.8 

9.6 

8.1 

6.7 

5.4 

4.1 

2 

22546 

12.8 

11.8 

10.6 

9.1 

7.6 

6.2 

4.8 

3 

22276 

12.9 

11.8 

10.4 

8.7 

7.1 

5.7 

4.3 

Average 

22302 

12.13 

11.47 

10.20 

8.63 

7.13 

5.77 

4  40 

Coef. 

of  Var. 

.01 

.05 

.05 

.05 

.06 

.06 

.07 

.08 

lotes:  Temperature  Condition  No.  1  existed  on  10  July  at  10:00a  at 
an  air  temperature  of  92  degrees  F. 

Temperature  Condition  No.  2  existed  on  10  July  at  2:45p  at 
an  air  temperature  of  101  degrees  F. 

Temperature  Condition  No.  3  existed  on  11  July  at  l:55p  at 
an  air  temperature  of  104  degrees  F. 


TABLE  3-13.  FWD  LOAD  AND  DEFLECTION  MEASUREMENT  REPEATABILITY 

UNDER  VARYING  TEMPERATURES  FOR  SHEPPARD  FEATURE  A05B, 
SLAB  NO.  4.  AT  THE  CENTER  SLAB  POSITION 


Temp.  Sensor  Deflections 

Load  Cond.  - 


Range  No . 

Load 

(lbf) 

DO 

D1 

D2 

D3 

(mils ) 

D4 

D5 

D6 

Low  1 

7966 

1.8 

1.6 

1.5 

1.5 

1.3 

1.2 

1 . 1 

2 

7632 

1.7 

1.7 

1.6 

1.4 

1.3 

1 . 1 

1.0 

3 

8348 

1.9 

1.7 

1.6 

1.5 

1.3 

1.2 

1.1 

Average 

7982 

1.80 

1.67 

1.57 

1.47 

1.30 

1.17 

1.07 

Coef.  of  Var. 

.04 

.06 

.03 

.04 

.04 

<.005 

.05 

.05 

Medium  1 

15455 

3.7 

3.4 

3.2 

3.0 

2.8 

2.4 

2.2 

2 

15391 

3.7 

3.5 

3.3 

3.1 

2.8 

2.6 

2.2 

3 

15900 

3.8 

3.5 

3.3 

3.1 

2.8 

2.6 

2.2 

Average 

15582 

3.73 

3.47 

3.27 

3.07 

2.80 

2.53 

2.20 

Coef.  of  Var. 

.02 

.02 

.02 

.02 

.02 

<.005 

.05 

<.005 

High  1 

23166 

5.1 

4.8 

4.5 

4.2 

3.7 

3.4 

3.0 

2 

22705 

5.3 

5.0 

4.7 

4.3 

3.9 

3.5 

3.1 

3 

22928 

5.3 

4.9 

4.7 

4.3 

3.9 

3.5 

3.1 

Average 

22933 

5.23 

4.90 

4.53 

4.27 

3.83 

3.47 

3.07 

Coef.  of  Var. 

.01 

.02 

.02 

.06 

.01 

.03 

.02 

.02 

lotes:  Temperature  Condition  No.  1  existed  on  10  July  at  10:38a  at 
an  air  temperature  of  96  degrees  F. 

Temperature  Condition  No.  2  existed  on  10  July  at  3:25p  at 
an  air  temperature  of  101  degrees  F. 


Temperature  Condition  No.  3  existed  on  12  July  at  2:00p  at 
an  air  temperature  of  91  degrees  F. 


Table  3-14,  however,  highlights  an  interesting  phenomenon  that  occurs  as 
temperatures  fall.  As  air  temperatures  approach  freezing,  the  FWD  loads 
measured  by  the  load  cell  increase  significantly,  but  without  a  proportionate 
increase  in  the  deflections.  Loads  that  typically  showed  less  than  2  percent 
variation  in  warm  temperatures  display  8  to  9  percent  variation  in  cold 
temperatures,  while  deflections  remain  relatively  unaffected. 

It  appears  that  for  center  slab  conditions  only,  the  moderate  temperature 
fluctuations  (15  to  20  °F)  experienced  throughout  the  course  of  a  normal 
test  day  do  not  add  to  the  existing,  constant  temperature  variation  found  in 
the  equipment  and  pavement  materials,  unless  testing  is  done  below  40 
degrees.  At  these  lower  temperatures,  the  rubber  buffers  of  the  FWD 
apparently  stiffen  and  impart  a  more  sharply-spiked  impulse  load  to  the 
pavement,  creating  higher  load  measurements.  This  same  effect  also  appears 
early  in  the  morning,  even  if  the  temperature  is  above  60  degrees,  if  the  FWD 
has  been  stored  overnight  in  cool  conditions  and  not  allowed  to  "warm  up" 
prior  to  testing.  The  8:00  am  reading  on  15  March  in  Table  3-14  is  a  good 
example  of  this.  These  higher  loads,  however,  do  not  increase  deflections 
appreciably.  The  results  of  this  phenomenon  on  backcalculated  moduli  will  be 
examined  more  closely  in  Chapter  5. 


TABLE  3-14.  FWD  LOAD  AND  DEFLECTION  MEASUREMENT  REPEATABILITY 

UNDER  VARYING  TEMPERATURES  FOR  SHEPPARD  FEATURE  T04A. 
SLAB  NO.  1,  AT  THE  CENTER  SLAB  POSITION 

Temp.  Sensor  Positions 

Load  Cond.  - 


Range 

No. 

Load 
( lbf ) 

DO 

D1 

D2 

D3 

(mils) 

D4 

D5 

Low 

1 

7304 

1.1 

1.0 

0.9 

0.9 

0.7 

0.7 

0.6 

2 

8376 

1.1 

1.0 

1.0 

0.9 

0.9 

0.7 

0.7 

3 

8848 

1.2 

1.0 

1.0 

1.0 

0.9 

0.7 

4 

9632 

1.1 

1.0 

1.0 

1.0 

0.8 

0.8 

0.7 

Average 

8540 

1.13 

1.00 

0.98 

0.95 

0.83 

0.75 

0.68 

Coef . 

of  Var. 

.11 

.04 

<•005 

.05 

.06 

.  12 

.08 

.07 

Medium  1 

15432 

2.4 

2.1 

2.0 

1.8 

1.7 

1.5 

1.4 

2 

16504 

2.4 

2.1 

2.1 

1.9 

1.8 

1.6 

1.5 

3 

17720 

2.5 

2.3 

2.1 

2.0 

1.9 

1.7 

1.5 

4 

18824 

2.5 

2.2 

2.2 

2.0 

1.8 

1.7 

1.4 

Average 

17120 

2.45 

2.18 

2.10 

1.93 

1.75 

1.63 

1.45 

Coef.  of  Var. 

.09 

.02 

.04 

.04 

.05 

.03 

.06 

.04 

High  1 

23532 

3.6 

3.2 

3.0 

2.8 

2.5 

2.3 

2.0 

2 

24295 

3.6 

3.2 

3.1 

2.8 

2.6 

2.4 

2.1 

3 

25965 

3.8 

3.2 

3.1 

2.9 

2.7 

2.4 

2.2 

4 

28318 

3.7 

3.3 

3.2 

2.9 

2.7 

2.4 

2.0 

Average 

25527 

3.68 

3.23 

3.10 

2.85 

2.63 

2.38 

2.08 

Coef.  of  Var. 

.08 

.03 

.02 

.03 

.02 

.04 

.02 

.05 

Notes:  Temperature  Condition  No.  1  existed  on  13  March  at  12:30p  at 
an  air  temperature  of  61  degrees  F. 

Temperature  Condition  No.  2  existed  on  15  March  at  8:00a  at 
an  air  temperature  of  65  degrees  F. 

Temperature  Condition  No.  3  existed  on  17  March  at  4:15a  at 
an  air  temperature  of  45  degrees  F. 


Temperature  Condition  No.  4  existed  on  19  March  at  8:20a  at 
an  air  temperature  of  36  degrees  F. 


CHAPTER  4 


JOINT  LOAD  TRANSFER 


Joints  have  long  been  recognized  as  the  major  focal  point  for  pavement 
distress  in  jointed  concrete  pavements,  and  yet  are  largely  ignored  in  most 
of  today's  evaluation  schemes.  As  is  shown  in  Chapter  8,  the  load  transfer 
efficiency  of  a  joint  has  a  tremendous  effect  on  the  stresses  that  are 
developed  at  the  bottom  of  the  slab,  and  therefore,  on  the  performance  of  the 
slab  under  load.  In  the  previous  chapter,  the  excellent  reproducibility  of 
FWD  center  slab  load  and  deflection  measurements  was  established  for  the 
range  of  temperatures  normally  encountered  throughout  the  testing  day.  This 
same  high  degree  of  repeatability  was  also  obtained  at  longitudinal  and 
transverse  joints,  but  only  if  the  temperature  remained  constant.  It  quickly 
became  evident  during  the  field  testing  program  that  this  same  degree  of 
repeatability  did  not  exist  at  the  joints  as  temperatures  changed.  Both  the 
magnitude  of  the  deflections  and  the  load  transfer  efficiencies  were 
affected.  This  chapter  will  describe  the  relationship  between  load  transfer 
efficiency  and  the  magnitude  of  load,  the  variation  in  load  transfer 
efficiency  along  a  joint,  the  influence  of  temperature  on  joint  behavior,  and 
the  techniques  to  predict  joint  load  transfer  efficiency  for  any 
temperature . 

4.1  Load  Transfer  Efficiency 

The  importance  of  load  transfer  at  joints  on  the  overall  performance  of 
rigid  airfield  pavements  has  been  well  documented.  A  perfectly  efficient 
system  for  transferring  load  from  one  side  of  the  joint  to  the  other  can 
reduce  the  free  edge  stress  by  SO  percent.  Many  different  systems  have  been 
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developed  and  tested  for  establishing  and  maintaining  high  degrees  of  load 
transfer  across  joints  during  the  life  of  the  pavement.  The  objective  of 
these  systems  is  simple:  to  minimize  the  tensile  stresses  and  deflections  in 
the  concrete  that  result  when  loads  are  applied  at  the  edge  of  the  slab, 
keeping  concrete  edge  stresses  at  a  minimum  dramatically  reduces  fatigue 
damage  and  greatly  increases  pavement  life,  while  reducing  deflections 
minimizes  the  potential  for  pumping. 

In  the  evaluation  of  remaining  pavement  structural  life,  the  level  of 
stress  developed  under  an  aircraft  gear  at  the  slab  joint  must  be 
determined.  Unfortunately,  it  is  impractical  to  quickly  or  economically 
measure  actual  stresses  developed  at  joints.  It  is  possible,  however,  to 
determine  how  well  the  load  transfer  mechanism  is  performing  by  measuring  the 
relative  deflection  on  both  sides  of  the  joint.  This  relative  deflection  is 
a  direct  indication  of  the  load  transfer  efficiency  of  the  joint,  as  shown  in 
Figure  4-1.  Normally,  a  correction  is  applied  to  the  deflection  measured  by 
the  D1  sensor  to  account  for  slab  curvature  due  to  bending,  but  the  finite 
element  mesh  is  designed  to  automatically  make  this  adjustment.  Coupling  the 
load  transfer  efficiency  with  a  good  analytical  model  of  joint  behavior,  such 
as  ILL I -SLAB,  the  edge  stresses  under  actual  loads  can  be  calculated. 

The  FWD  is  an  excellent  tool  for  measuring  relative  deflections  at 
joints.  As  illustrated  in  Figure  4-2,  the  loading  plate  is  positioned  as 
nearly  tangent  to  the  joint  as  possible.  This  will  automatically  place  the 
DO  and  D1  sensors  about  6  inches  either  side  of  the  joint.  Maneuvering  the 
FWD  into  this  position  normally  requires  a  spotter  for  the  vehicle  operator, 
unless  a  closed  circuit  camera  system  is  employed.  Such  a  system  reduces  the 
data  collection  crew  requirement  to  one  person  and  eliminates  the  inevitable 
communication  difficulties  between  spotter  and  driver.  Whichever  arrangement 


is  used,  the  FWD  can  collect  and  store  load  transfer  efficiency  data  quickly 
and  easily.  This  information  will  prove  to  be  the  key  to  the  successful 
evaluation  of  any  rigid  pavement  system. 

4.2  Effect  of  Load  Magnitude  on  Load  Transfer  Efficiency 

It  has  been  suggested  by  some  researchers  that  the  determination  of  load 
transfer  efficiency  at  joints  is  dependent  on  the  magnitude  of  the  loads  used 
to  create  the  relative  deflections.  To  investigate  this  possibility,  the 
data  presented  in  Table  4-1  were  extracted  from  the  constant  temperature 
repeatability  study  discussed  in  Chapter  3.  These  data  represent  three  slab 
thicknesses,  two  joint  types,  loads  from  6500  to  24000  pounds,  and  load 
transfer  efficiencies  between  30  and  100  percent. 

The  results  displayed  in  Table  4-1  support  the  conclusion  that  load 
transfer  efficiency  is  independent  of  the  load  magnitude,  at  least  within  the 
load  range  of  the  FWD  (this  may  not  be  true  for  light  load  devices,  such  as 
the  Dynaflect,  that  generate  loads  near  1000  pounds).  With  the  exception  of 
Slab  1  in  Feature  T4A,  load  transfer  efficiencies  are  remarkably  consistent, 
especially  in  view  of  the  inherent  variation  in  the  equipment  and  materials 
highlighted  earlier.  With  this  result,  the  extrapolation  of  load  transfer 
efficiencies  under  actual  aircraft  loadings  can  be  made  confidently. 

4.3  Variation  of  Load  Transfer  Efficiency  Along  the  Joint 

Two  additional  aspects  of  joint  load  transfer  that  the  engineer  must  be 
concerned  with  during  field  testing  are  1)  the  direction  in  which  the 
relative  deflections  are  measured,  and  2)  the  location  of  the  measurement 
along  the  joint.  It  has  been  shown  on  highway  pavements,  for  example,  that 
load  transfer  efficiency  measured  with  the  loading  plate  on  the  approach  slab 


TABLE  4-1.  THE  RELATIONSHIP  BETWEEN  MAGNITUDE  OF  LOAD  AND  LOAD 

TRANSFER  EFFICIENCY  AS  MEASURED  AT  UNDOWELED  TRANSVERSE 
CONTRACTION  JOINTS  AND  KEYED  LONGITUDINAL  CONSTRUCTION  JOINTS 


Undoweled  Keyed 

Transverse  Contraction  Longitudinal  Construction 

Slab  -  - 

Feature  No.  Load  DO  D1  LTE  Load  DO  D1  LTE 


is  much  different  than  when  measured  from  the  leave  slab.  In  addition,  the 


highly  channelized  nature  of  highway  traffic  causes  variation  in  load 
transfer  efficiency  along  the  joint.  To  investigate  these  concerns,  a  third 
testing  pattern,  shown  in  Figure  4-3,  was  utilized  on  nine  slabs  at  Sheppard 
AFB.  This  pattern  consisted  of  21  FWD  measurements  and  required  about  45 
minutes  per  slab  to  complete.  The  results  of  this  investigation  are 
presented  in  Figures  4-4  through  4-12.  Two  sets  of  measurements  are  included 
to  dramatize  the  effect  that  temperature  has  on  load  transfer  efficiency. 

Several  general  trends  can  be  seen  from  these  figures.  First,  there 
appears  to  be  very  little  difference  in  load  transfer  efficiency  at 
transverse  joints  when  measured  from  the  approach  or  leave  slabs.  This 
conclusion  is  not  too  surprising  for  the  airfield  situation  where  traffic  is 
usually  bi-directional  along  taxilines  and  centerlines.  For  longitudinal 
joints,  however,  this  is  not  the  case.  Several  slabs  show  marked  increases 
in  load  transfer  efficiency  when  measured  from  the  leave  slab,  indicating 
that  loading  history  can  influence  Joint  behavior.  Again,  this  result  is  not 
surprising  when  one  considers  that  aircraft  gears  ride  consistently  along  the 
same  side  of  the  longitudinal  joint,  regardless  of  the  direction  of  travel. 
Therefore,  the  engineer  must  determine  where  the  majority  of  the  gears  track 
and  adjust  his  test  pattern  accordingly.  The  mirror  image  of  the  normal 
pattern  in  Figure  3-5,  for  instance,  can  be  used  if  it  is  more  appropriate. 

Load  transfer  efficiencies  are  consistent,  for  the  most  part,  along  the 
joint.  This  permits  some  lattitude  in  trying  to  position  the  FWD  somewhere 
near  the  midspan  of  the  slab.  In  several  Instances,  however,  the 
efficiencies  drop  off  as  the  corner  of  the  slab  is  approached.  This  tendency 
could  result  from  loss  of  subbase  support  at  the  corner,  and  thus  the  effect 
of  shear  in  the  base  or  subgrade,  or  it  could  be  due  to  the  absence  of  dowel 
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(|4)  Loading  Plate  Position  No. 

Note:  Sensors  Dl  Thru  06  Are 
on  Opposite  Side  of  the 
Joint  From  Loading  Plate 


FWD  Testing  Pattern  for  Determination  of  Directional 
Effects  of  Traffic  on  Load  Transfer  Efficiency  and 
Consistency  of  Load  Transfer  Efficiency  Along  Joints 
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Figure  4-4.  Joint  Load  Transfer  Efficiencies  at  Various  Locations 
for  Feature  T04A,  Slab  No.  1 
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Figure  4-5.  Joint  Load  Transfer  Efficiencies  at  Various  Locations 
for  Feature  T04A,  Slab  No.  2 
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Figure  4-6.  Joint  Load  Transfer  Efficiencies  at  Various  Locations 
for  Feature  T04A,  Slab  No.  3 
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Figure  4-7.  Joint  Load  Transfer  Efficiencies  at  Various  Locations 
for  Feature  A05B,  Slab  No.  1 
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Figure  4-9.  Joint  Load  Transfer  Efficiencies  at  Various  Locations 
for  Feature  A05B.  Slab  No.  4 
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Figure  4-10.  Joint  Load  Transfer  Efficiencies  at  Various  Locations 
for  Feature  A08B,  Slab  No.  1 
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Figure  4-11.  Joint  Load  Transfer  Efficiencies  at  Various  Locations 
for  Feature  A08B,  Slab  No.  2 
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Figure  4-12.  Joint  Load  Transfer  Efficiencies  at  Various  Locations 
for  Feature  A08B,  Slab  No.  3 


71 


bars  near  the  corners  in  each  of  the  adjacent  slabs.  In  any  event,  Position 
1  of  the  normal  test  pattern  is  intended  to  identify  potential  problem  areas 
near  corners. 

Finally,  the  effect  of  increased  temperature  on  load  transfer  efficiency 
is  unmistakeable ;  significant  increases  in  joint  performance  accompany 
higher  temperatures.  This  effect  will  be  examined  closely  in  the  next 
section. 

4.4  The  Effect  of  Temperature  on  Load  Transfer  Efficiency 

One  of  the  most  disturbing  aspects  of  NDT  &  E  of  any  pavement  system  is 
the  variability  of  results  due  to  temperature.  In  flexible  pavement  systems, 
this  effect  is  most  pronounced  on  the  stiffness  of  the  asphaltic  concrete 
materials.  In  rigid  pavements,  temperature  changes  Influence  load  transfer 
efficiency  more  than  any  other  characteristic  of  the  system.  Although 
temperature  has  been  known  to  affect  load  transfer  for  some  time,  no  attempts 
have  been  made  to  accurately  quantify  this  phenomenon.  One  of  the  major 
objectives  of  this  research  effort  was  to  describe  the  behavior  of  different 
joint  types  under  changing  temperature  conditions.  From  this  background,  it 
was  expected  that  a  technique  could  be  developed  to  account  for  the 
temperature  effect  in  predicting  the  remaining  life  of  rigid  pavements. 

The  repetitive  nature  of  the  FWD  testing  at  Sheppard  AFB,  coupled  with 
the  extremes  in  temperature  that  are  routinely  experienced  in  field  testing, 
provided  the  basis  upon  which  to  quantify  load  transfer  changes  with 
temperature.  Load  transfer  efficiencies  were  measured  at  20  dummy  groove 
transverse  joints  and  20  keyed  longitudinal  joints,  encompassing  the  entire 
range  of  pavement  thicknesses  available.  Pavement  surface  temperatures  were 
recorded  for  each  test  by  inserting  a  digital  thermometer  probe  into  a 


predrilled,  one  inch  deep,  1/8-inch  diameter,  oil-filled  hole  in  each  slab. 
Air  temperatures  were  also  obtained  from  the  base  weather  station  for  each 
hour  in  the  hope  that  either  could  be  used  for  analysis.  A  minimum  of  5,  and 
generally  12,  temperature  levels  were  obtained  for  each  joint. 

Figures  4-13  through  4-22  graphically  display  the  distinct  relationship 
between  joint  load  transfer  efficiency  and  air  temperature  over  a  wide 
spectrum.  The  highly  significant  aspect  of  this  behavior  lies  in  the 
characteristic  shape  of  this  relationship,  an  S-shaped  curve.  Each  joint 
appears  to  take  on  the  same  shape  and  is  nearly  identical  for  both  pavement 
temperature  and  air  temperature.  The  variety  of  horizontally  shifted 
positions  for  joints  within  the  same  slab  is  typical,  and  makes  it  difficult 
to  select  a  "representative"  joint  for  the  entire  feature.  This  wide 
disparity  in  joint  behavior  within  a  single  feature  will  be  specifically 
addressed  in  Chapter  8. 

Each  joint  tends  toward  a  maximum  load  transfer  efficiency  of  100  percent 
as  temperatures  increase,  and  toward  a  minimum  value  of  25  to  30  percent  as 
temperatures  decrease.  In  many  instances,  such  as  the  transverse  joint  of 
Slab  3  in  Feature  T4A  (Figure  4-13),  the  joint  opening  is  so  small  that  good 
load  transfer  exists  throughout  the  temperature  range,  regardless  of  how  much 
the  slab  contracts.  On  the  other  hand,  some  joints  have  such  poor  load 
transfer  at  all  temperatures  in  the  normal  range  (see  Slab  2  of  Figure  4-14) 
that  they  display  a  nearly  flat  response  between  30  and  50  percent.  This 
behavior,  however,  does  not  mean  that  the  characteristic  shape  of  the  load 
transfer  efficiency-temperature  curve  can  not  be  described  by  an  S-shaped 
curve.  It  merely  means  the  curve  is  shifted  significantly,  in  either 
direction,  from  the  norm. 
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The  explanation  for  this  consistent  behavior  is  undoubtedly  complex  and 
involves  the  interaction  of  aggregate  particles  along  the  face  of  the 
transverse  crack,  or  the  contact  between  the  wale  and  female  portions  of  the 
longitudinal  keyed  joint.  Presumably,  as  the  joint  opens  up  under  falling 
temperatures,  less  concrete  surface  area  is  available  for  contact  and 
deflection  resistance.  When  the  joint  opens  completely,  a  certain  minimum 
amount  of  load  transfer  is  still  available  through  the  shear  strength  of  the 
base  course  or  subgrade  material.  Thus,  the  upper  bound  of  100  percent  and  a 
somewhat  variable  lower  bound  of  25  to  30  percent  are  reasonable.  Additional 
research  might  correlate  the  lower  bound  with  the  material  type  used  directly 
beneath  the  PCC  surface. 

With  upper  and  lower  bounds  established,  the  only  remaining 
characteristic  of  the  curve  to  identify  is  the  slope,  or  rate  at  which  the 
load  transfer  efficiency  approaches  the  bounds.  Inspection  of  Figures  4-13 
to  4-22  reveals  that  each  curve  of  similar  joint  type  has  approximately  the 
same  slope,  and  that  a  distinctly  steeper  slope  exists  for  transverse  dummy 
groove  joints  than  for  the  longitudinal  keyed  joints.  It  appears  that  the 
type  of  joint  construction  affects  the  rate  at  which  load  transfer  diminishes 
with  temperature,  a  not  too  surprising  result. 


4.5  Load  Transfer  Efficiency  Prediction 

The  discovery  that  the  load  transfer  efficiency-temperature  relationship 
of  a  given  joint  type  closely  follows  an  S-shaped  curve  with  certain  upper 
and  lower  bounds  and  diminishing  rate  makes  it  possible  to  establish  the 
horizontal  location  of  this  curve  for  any  joint,  if  the  load  transfer 
efficiency  at  some  temperature  is  known.  But  this  is  precisely  what  is 
determined  in  the  field  with  the  FWD.  Therefore,  it  becomes  possible  to  rely 
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on  only  one  measurement  of  load  transfer  efficiency  for  a  joint  to  predict 
what  that  efficiency  will  be  for  any  temperature  that  joint  might 
experience.  Only  in  those  instances  when  measured  load  transfer  efficiency 
is  near  the  upper  or  lower  bound  are  additional  measurements  recommended. 
This  can  mean  tremendous  savings  in  personnel  and  equipment  costs  in  field 
data  collection;  retesting  of  the  same  joint  at  several  temperatures  to 
determine  its  behavior  pattern  is  eliminated.  In  addition,  as  will  be 
described  in  detail  in  Chapter  8,  knowing  the  load  transfer  efficiency  for 
the  entire  temperature  range  permits  a  much  more  accurate  determination  of 
cumulative  fatigue  damage  from  aircraft  operations  over  an  entire  year. 

An  S-shaped  curve  with  a  positive  slope  has  the  following  general  form; 

A3 

LTE  -  Aj  +  (A2  -  Ai)  e  "(SF/AT)  (4.1) 

where;  LTE  «  Load  Transfer  Efficiency 
Aj  -  Lower  Bound 

Ag  «  Upper  Bound 

SF  =  Shift  Factor  in  Degrees  Kelvin 

AT  «  Air  Temperature  in  Degrees  Kelvin 

A3  *  Slope  at  Inflection  Point 

Note  that  the  air  temperature  and  shift  factor  must  be  converted  to  the 
absolute  scale  in  order  to  avoid  the  mathematical  impossibilities  that  would 
occur  when  temperatures  at  or  below  zero  on  either  the  Fahrenheit  or 
Centigrade  scale  are  encountered.  Figure  4-23  illustrates  the  generalized 
form  of  the  S-shaped  curve  and  Its  five  fundamental  parameters. 

In  Equation  4.1,  the  values  of  the  constants  Aj  and  Ag  were 
determined  by  inspection  of  Figures  4-13  to  4-22,  whereas  the  value  of  A3 
must  be  determined  for  each  type  of  joint  construction.  This  was  done  using 
the  Statistical  Package  for  the  Social  Sciences'  (SPSS)  Nonlinear  Computer 


Analysis  (34).  The  value  of  A3  was  calculated  for  each  of  the  20 
transverse  joints  and  20  longitudinal  joints  and  averaged  to  obtain  a  single 
curve  that  describes  the  load  transfer  efficiency  versus 
teaperature  relationship  for  that  joint  type.  The  following  equations  were 
developed  for  each  joint  type: 

For  transverse  dunny  groove  joints: 


40.0 

LTE  -  0.25  +  0.75  e  (SP/AT) 


For  longitudinal  keyed  joints: 


25.0 

LTE  -  0.25  +  0.75  e  (SP/AT) 


(4.2) 


(4.3) 


The  above  equations  can  now  be  used  to  predict  the  load  transfer 
efficiency  that  will  exist  at  a  given  joint  for  any  teaperature  if  the  load 
transfer  efficiency  is  known  for  just  one  teaperature.  In  asking  this 
calculation,  it  is  assuaed  that  the  load  transfer  efficiency  aeasured  in  the 
field  lies  soaewhere  between  25  and  100  percent,  exclusive.  Otherwise,  the 
shift  factor  can  not  be  deteralned  uniquely  for  that  joint.  Chapter  8  will 


discuss  the  alternatives  available  in  this  circuastance. 


CHAPTER  5 


BACKCALCULAT I ON  OF  CONCRETE  ELASTIC  MODULUS 
AND  MODULUS  OF  SUBGRADE  REACTION 

Up  to  this  point  in  the  development  of  the  NDT  &  E  procedure  for  rigid 
airfield  pavements,  the  focus  of  attention  has  been  on  the  selection  of  a 
piece  of  equipment  to  gather  field  data,  and  then  on  its  use  to  characterize 
the  behavior  of  pavement  slabs  to  changing  environmental  conditions.  In  this 
chapter,  a  technique  mill  be  presented  which  uses  the  ILL I -SLAB  analysis 
model  to  backcalculate  two  essential  parameters  of  the  pavement  system. 
Young's  modulus  of  elasticity  of  the  Portland  cement  concrete  (E)  and 
Westergaard's  modulus  of  subgrade  reaction  (k),  from  FWD-generated 
deflections.  The  backcalculated  moduli  will  then  be  used  to  compare 
predicted  pavement  deflections  with  FWD  measured  deflections.  Finally,  the 
moduli  will  be  examined  for  repeatability  at  constant  temperature,  and 
variability  within  pavement  features. 

5.1  The  Center  Slab  Deflection  Basin 

When  any  type  of  load  is  placed  on  a  rigid  pavement  slab,  whether  it  be 
an  aircraft  gear  or  a  bicycle,  the  slab  will  deflect  nearly  vertically  to 
fora  a  basin,  as  shown  in  Figure  5-1.  The  deflected  shape  of  that  basin  is  a 
function  of  several  variables,  including  the  thickness  and  stiffness  of  the 
slab,  the  stiffness  of  the  underlying  materials,  and  the  magnitude  of  the 
load.  Por  example,  a  slab  with  a  high  elastic  modulus  on  a  weak  subgrade 
material  will  produce  the  nearly  flat  deflected  shape  of  Figure  5-2.  On  the 
other  hand,  a  flexible  slab  on  a  strong  foundation  will  deflect  as  seen  in 
Figure  5-3.  This  interaction  between  E  and  k  results  in  a  characteristic 
deflection  basin  for  a  given  magnitude  and  duration  of  load  and  thickness  of 


PCC  Slab 


E*  8,000,000  psi 
K  *  100  pci 


Undeflected  Surface 


Figure  5-2.  The  Characteristic  Shape  of  a  Deflected  Slab  with  High 
Stiffness  and  Weak  Subgrade  Support 
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Figure  5-3.  The  Characteristic  Shape  of  a  Deflected  Slab  with  Low 
Stiffness  and  Strong  Subgrade  Support 
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Area" (ins.)  =  6  x  (1  +  2  x  Dl/DC  +  2  x  D2/D0  +  2  x  D3/D0  ♦ 
2  x  D4/D0  *  2  x  D5/D0  +  D6/D0) 


(5.1) 


By  visualizing  a  perfectly  stiff  slab,  the  maxinum  "area"  possible  from 
Equation  5.1  is  72  inches.  Conversely,  a  practical  minimum  "area"  of  about 
11  is  obtained  if  Boussinesq  techniques  are  employed  (the  slab  is  as  stiff  as 
the  foundation). 

The  independence  of  the  DO  and  "area"  parameters  is  assured  by  the 
normalizing  process.  The  same  DO  could  produce  an  "area”  of  72  inches  just 
as  easily  as  11  inches.  With  the  deflection  basin  "area"  and  the  maximum 
deflection  DO,  it  is  possible  to  solve  for  that  unique  combination  of  dynamic 
E  and  k  that  produces  the  same  characteristic  basin  as  measured  with  the  FWD. 

5.2  The  Graphical  Solution  for  Dynamic  E  and  k 

The  determination  of  dynamic  E  and  k  from  deflection  basin  measurements 
can  be  accomplished  graphically  for  any  given  slab  configuration.  Poisson's 
ratio  of  the  concrete,  and  magnitude  of  load.  The  following  steps  must  be 
performed  and  are  illustrated  in  Figure  5-5: 

1)  A  finite  element  ILLI-SLAB  mesh  incorporating  the  slab  dimensions  is 
generated,  with  care  taken  to  place  nodal  points  at  corresponding  FWD  sensor 
locations.  Figure  5-6  depicts  this  particular  mesh  and  how  the  inherent 
symetry  can  be  used  to  reduce  the  computer  memory  requirements . 

2)  A  minimum  of  nine  ILLI-SLAB  computer  runs  is  made  using  various 
combinations  of  dynamic  E  and  k  that  are  expected  to  bracket  the  in  situ 
values . 

3)  For  each  computer  run,  the  deflections  at  the  seven  sensor  locations 
are  used  to  establish  the  DO  and  "area"  parameters. 

4)  These  DO-"area"  points  are  plotted,  showing  their  inherent  E  and  k 
values,  to  develop  a  grid  of  constant  dynamic  E  and  k  lines. 

5)  The  actual  FWD-generated  deflection  basin  "area"  and  DO  are  then 
plotted  on  the  grid,  and  the  unique  dynamic  E  and  k  values  are  interpo' ated. 
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This  technique  has  proven  successful  in  backcalculating  dynamic  E  and  k 
values  that,  when  reinput  back  into  the  ILLI-SLAB  model,  reproduce  FWD- 
measured  deflections  very  accurately  (36).  However,  its  use  has  been  limited 
primarily  to  thinner  highway  pavements  where  only  four  sensors  on  the  FWD  are 
needed  to  describe  the  deflection  basin  accurately. 

There  are  several  drawbacks  to  this  graphical  technique  that  should  be 
noted  because  they  severely  limit  its  application  for  large  airfield 
evaluation  programs.  First,  the  method  requires  hand  plotting  of  the 
backcalculation  grid  which  can  only  be  done  after  several  ILLI-SLAB  computer 
runs  have  been  manually  inputted.  Secondly,  a  new  grid  must  be  developed  for 
each  pavement  thickness  and  slab  size  encountered.  This  can  mean  up  to  25 
separate  grid  formulations  for  each  airfield.  Third,  individual  FWD 
deflections  must  be  normalized  to  a  standard  load,  usually  24,000  pounds,  to 
avoid  a  separate  grid  for  each  drop  of  the  FWD.  Finally,  inaccuracies  can 
easily  be  introduced  through  poor  interpolation  of  dynamic  E  and  k  values 
within  the  grid.  This  source  of  error  can  be  minimized  somewhat,  but  only  if 
more  ILLI-SLAB  runs  are  made  to  develop  a  finer  grid. 

5.3  A  Computer-based  Iterative  Solution  for  Dynamic  E  and  k 

One  of  the  major  objectives  of  this  research  was  to  develop  a  complete, 
computer-based  rigid  pavement  evaluation  system  that  would  relieve  the 
engineer  of  hand  manipulation  of  large  amounts  of  data.  Initially,  efforts 
centered  around  the  development  of  algorithms  for  estimating  dynamic  E  and  k 
given  the  deflection  basin  characteristics  and  the  geometry  of  the  slab. 
Although  showing  some  potential,  these  efforts  failed  to  produce  any  greater 
degree  of  accuracy  than  could  be  obtained  from  the  graphical  solutions. 


Consequently,  a  siaple  Iterative  scheme  was  devised,  using  ILLI-SLAB  as  a 
computer  subroutine,  that  very  accurately  calculates  the  unique  dynamic  E  and 
k  combination.  Figure  5-6  depicts  the  finite  element  mesh  that  was  devised 
for  this  scheme,  while  Figure  5-7  describes  the  first  iteration. 


1)  The  field  measured  DO  and  "area"  parameters  (Point  f)  are  calculated 
from  the  deflection  basin  generated  at  the  center  slab  location. 

2)  Three  points,  representing  extremes  in  E  and  k,  are  selected 
arbitrarily  and  input,  along  with  the  slab  dimensions,  into  the  ILLI-SLAB 
model.  A  corresponding  DO  and  "area"  are  calculated  for  each  of  these  points 
(1,2,3)  as  shown. 

3)  The  distances  between  points  f  and  2  (SLj),  f  and'  3  ( SL 2 ) .  2and 
3  (SL3),  and  1  and  2  (SD2)  are  calculated.  This  establishes  the  values 
of  angles  Aj ,  A2 ,  and  A3. 

4)  The  vector  must  be  resolved  into  its  two  components  along  lines 
1-2  and  2-3.  This  is  done  by  locating  Point  a  along  line  2-3  so  that  line 
f-a  is  parallel  to  line  1-2.  The  lengths  of  lines  f-a  and  2-a  are  the 
required  components. 

5)  The  slopes  of  lines  1-2  and  2-3  are  calculated  and  used  to  find 
angle  Psi.  Once  Psi  is  known,  angle  B2  becomes  its  compliment.  Angle  B3 
is  then  found  by  subtraction.  With  each  angle  of  triangle  f-a-2  and  one  of 
its  sides,  Vj,  known,  the  lengths  of  vectors  V2  and  V3  are  calculated. 

6)  The  first  estimate  of  the  dynamic  E  and  k  represented  by  Point  f  is 
obtained  from  the  ratio  of  V3  to  SL3  for  E  and  the  ratio  of  V2  to 
SD2 . 


The  backcalculatlon  grids  generated  by  the  ILLI-SLAB  model  each  display 
the  characteristic  curvatures  of  the  constant  E  and  k  lines  that  are  pictured 
in  Figures  5-5  and  5-7.  Thus,  the  first  estimate  of  E  and  k  in  this 
Iterative  scheme  will  always  be  greater  than  the  true  value  by  an  amount 
dependent  on  this  degree  of  curvature  near  the  field  data  point.  This  fact 
is  utilized  in  the  second  iteration,  illustrated  in  Figure  5-8.  Two  more 
combinations  of  E  and  k  (Points  5  and  6)  are  selected  at  an  arbitrary 
distance  from  the  initial  estimate  (Point  4),  and  the  vector  Wi  is  again 


V  » 


resolved  into  its  two  components.  W2  and  W3.  The  new  estimate  of  f  will 
be  much  closer  to,  but  slightly  less  than  the  true  value.  The  process  is 
repeated  until  the  "area"  is  within  0.01  inches  and  the  DO  within  0.05  mils 
of  the  true  value  measured  in  the  field. 

The  program  contains  checks  after  each  iteration  and  will  terminate  when 
the  tolerances  are  satisfied.  Up  to  five  iterations  may  be  required  to  close 
within  these  tolerances,  but  3  or  4  iterations  are  typical.  The  greater 
sensitivity  of  both  "area"  and  DO  in  the  higher  ranges  of  E  and  k  will 
dictate  just  how  many  iterations  are  ultimately  required. 

5.4  Comparison  of  Measured  and  Predicted  Deflection  Basins 

The  validity  of  any  analytical  model  is  truely  tested  when  predicted 
response  is  compared  with  measured  response.  To  verify  the  accuracy  of 
ILLI-SLAB  and  the  backcalculated  dynamic  E  and  k  moduli,  each  individual  slab 
at  Sheppard  AFB  was  used  to  compare  measured  and  predicted  deflections  for 
FWD  loads  in  excess  of  22.000  pounds.  Figures  5-9  through  5-14  graphically 
present  some  selected  results  for  each  feature.  These  figures  illustrate  the 
outstanding  precision  with  which  ILLI-SLAB  models  a  pavement's  response  to 
load. 

An  analysis  of  the  deflection  data  reveals  very  similar  trends  to  those 
established  during  the  FWD  repeatability  study.  As  deflections  decrease  away 
from  the  loaded  area,  the  percent  error  between  measured  and  predicted 
deflection  at  each  sensor  tends  to  increase.  This  is  reasonable  if  each 
sensor  carries  about  the  sane  built-in  error  (the  sensors  are  accurate  to 
within  .0005  ins.).  Typically,  one  to  two  percent  error  is  observed  for  the 
DO  reading  while  five  to  six  percent  is  common  for  the  1)6  value.  In  most 
cases,  however,  this  natch  in  measured  and  predicted  deflection  basins  is 
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Figure  5-10.  Comparison  of  Measured  and  Predicted  FWD  Deflections 
for  Feature  A03B 


Figure  5-11. 


Comparison  of  Measured  and  Predicted  FWD  Deflections 
for  Feature  A05B 
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Figure  5-13.  Comparison  of  Measured  and  Predicted  FWD  Deflections 
for  Feature  A08B 


105 


Pavement  Deflection  (mils) 


Dl 


FWD  Sensor  Location 


\  '  T  *  V  ' 


i 


DO 


D2 


03 


04 


D5 


D6 


m 

I 


Figure  5-14.  Comparison  of  Measured  and  Predicted  FWD  Deflections 
for  Feature  R08A 


remarkable,  especially  in  light  of  the  inherent  variation  in  the  sensors  and 
paving  materials,  and  the  very  small  deflections  involved. 

5.5  Repeatability  of  Backcalculated  Dynamic  E  and  k  Moduli 

In  Chapter  3  the  excellent  repeatability  of  FWD  load  and  deflection 
measurements  at  constant  temperature  was  verified.  In  addition,  nearly 
identical  deflections  were  found  over  the  normal  (15-20  °F)  temperature 
fluctuations  that  are  encountered  during  daily  testing.  With  the  ability  to 
accurately  backcalculate  dynamic  E  and  k  values,  it  is  now  possible  to 
examine  the  effects  of  temperature  and  load  on  these  two  parameters  without 
the  confounding  effects  of  interpolation  errors  that  arose  due  to  the 
"logarithmic"  nature  of  the  grid.  The  constant  temperature  case  will  be 
investigated  to  determine  the  extent  of  inherent  variation  in  E  and  k  due  to 
equipment  and  materials,  and  then  backcalculated  moduli  at  several 
temperatures  will  be  examined  to  see  if  any  patterns  develop. 

5.5.1  Constant  Temperatures 

Table  5-1  contains  the  results  of  backcalculated  dynamic  moduli  at 
constant  temperature  for  two  features  at  Sheppard  AFB.  Each  table  entry  for 
the  given  temperature  (eg.,  78.6,  82.2,  ...)  represents  at  least  eight  tests 

performed  within  45  minutes  of  each  other  (the  results  for  other  temperatures 
will  be  discussed  in  Section  5.5.2).  Several  important  conclusions  can  be 
drawn  from  this  table  and  the  results  of  extensive  analyses  of  variance. 
First,  at  slab  center,  no  apparent  relationship  exists  between  the  magnitude 
of  load  and  k,  other  than  a  decrease  in  the  coefficient  of  variation  of  k  as 
load  increases  for  these  features.  This  indicates  that  the  dynamic  k  is  not 
stress  sensitive  for  the  interior  FWD  loads  used  or  the  base  and  subgrade 


TABLE  5-1.  REPEATABILITY  OF  BACKCALCULATED  DYNAMIC 
E  AND  k  MODULI  AT  CONSTANT  TEMPERATURE 


k  E  x  106 


Slab 

Feature  No. 

Pvmt 
Temp . 

( °F ) 

Loadt 1 ) 
Range 

Average 

(pci) 

Coef . 

of 

Var . 

Average 
(psi ) 

Coef . 

of 
Var . 

T04A  1 

78.6 

Low 

294 

.19 

4.2 

.33 

Medium 

280 

.  15 

3.8 

.26 

High 

286 

.11 

3.6 

.  18 

2 

82.2 

Low 

434 

.09 

2.9 

.  13 

Medium 

349 

.07 

3.3 

.14 

High 

358 

.07 

3.2 

.  12 

3 

80.8 

Low 

206 

.  14 

5.5 

.15 

Medium 

205 

.17 

4.7 

.27 

High 

215 

.12 

4.6 

.22 

A05B 

1 

68.4 

Low 

181 

.  11 

6.6 

.  18 

Medium 

178 

.16 

6.0 

.11 

190 

.05 

5.8 

.  12 

2 

74.5 

156 

.12 

7.9 

.17 

Medium 

158 

.04 

6.9 

.04 

High 

181 

.06 

6.2 

.08 

4 

89.1 

Low 

125 

.18 

7.9 

.29 

Medium 

141 

.07 

6.0 

.13 

High 

150 

.05 

5.7 

.07 

4 

* 


( 

f 


Load  ranges 


-  Low:  6000-  9000  lbf 

Medium:  14000-17000  lbf 
High:  22000-26000  lbf 


Materials  involved.  This  makes  sense  when  considering  the  very  low  levels  of 
stress  that  ultimately  reach  these  supporting  materials  from  FWD  loadings. 
Typical  stress-strain  curves  for  subgrade  materials  at  high  rates  of  loading 
display  maximum  elastic  and  shear  moduli  at  low  levels  of  strain,  and 
resilient  modulus  is  capped  at  a  maximum  value  at  deviator  stress  levels 
below  about  two  psi . 

Second,  although  the  coefficients  of  variation  decrease  with  increased 
load,  they  remain  somewhat  higher  for  backcalculated  k  than  those  observed 
for  FWD-measured  loads  and  deflections.  Typical  variations  at  high  load 
levels  ranged  between  4  and  12  percent  and  averaged  about  8  percent,  whereas 
low  load  levels  experience  variation  averaging  15  percent.  Thus,  higher  load 
levels  produce  more  consistent  back  calculated  k  results. 

Third,  a  pattern  does  exist  with  regard  to  dynamic  E  values  and  magnitude 
of  load.  Consistently  higher,  and  often  unrealistic,  dynamic  E  values  are 
backcalculated  for  low  load  levels,  as  evidenced  by  Feature  A05B  in  Table 
5-1.  The  differences  are  much  more  pronounced  between  low  and  medium  loads 
than  between  medium  and  high  loads.  The  coefficients  of  variation  for 
dynamic  E  values  display  much  the  same  tendencies,  with  the  higher  loads 
showing  significantly  greater  consistency.  Again,  higher  load  levels  appear 
to  give  more  realistic  and  reliable  results.  Figure  5-15  offers  a  reasonable 
explanation  for  the  greater  inconsistency  in  E  values  than  k  values,  when 
conceptually,  the  modulus  of  subgrade  reaction  for  granular  materials  should 
be  much  more  variable  than  the  elastic  modulus  of  fairly  uniform  concrete. 
This  plot  of  deflection  (or  load)  versus  concrete  elastic  modulus  illustrates 
that  small  variations  in  deflection  (load)  at  the  lower  levels  can  result  in 


large  changes  in  E. 
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5.5.2  Various  Temperatures 

One  of  the  most  puzzling  aspects  of  NDT  &  E  is  the  effect  of  changing 
environmental  conditions  on  the  parameters  that  characterize  the  pavement 
system.  Figures  5-16  through  5-18,  which  show  individual  E-  and  k-value 
trends  with  pavement  temperature,  indicate  that  all  slabs  within  a  feature 
display  similar  tendencies,  but  no  overall  predictable  pattern  is 
discernable.  Dynamic  k  values  tend  to  be  slightly  higher  at  colder 


temperatures,  level  off  in  the  mid-range,  and  then  increase  again  slightly  at 
the  higher  temperatures.  This  sort  of  pattern  would  seem  to  be  related  more 
to  moisture  levels  than  temperature,  but  additional  research  into  this  aspect 
is  needed  to  reach  any  meaningful  conclusions.  In  any  event,  the  fluctuation 
in  k  is  not  significant  enough  to  affect  the  stresses  generated  to  any  great 
extent.  Dynamic  E  values  also  exhibit  a  pattern  similar  to  k  values,  tending 


to  be  moderately  higher  at  colder  temperatures  and  then  leveling  off.  At 
higher  temperatures,  however,  the  pattern  is  inconsistent. 

Table  5-2  presents  a  summary  of  the  results  of  backcalculated  dynamic  k 
and  E  values  for  8  slabs  at  pavement  temperatures  ranging  from  36  to  101 
°F.  With  at  least  five  cases  per  slab,  this  table  shows  that  the 
introduction  of  temperature  as  a  variable  has  increased  the  coefficients  of 
variation  above  the  levels  established  by  the  constant  temperature  situation, 
particularly  for  dynamic  E  values  at  low  load  levels.  At  recommended  high 
load  levels,  this  increase  in  the  coefficient  of  variation  is  modest, 
averaging  about  4  percent.  Dynamic  k  values  remain  relatively  unaffected  by 
temperature  fluctuations,  with  coefficients  of  variation  very  similar  to  the 
constant  temperature  case.  Figure  5-19  illustrates  how  the  normal  variation 
in  E  and  k  at  constant  temperatures  is  great  enough  to  encompass  the 
variation  in  E  and  k  at  different  temperatures. 
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Figure  5-16.  Pavement  Temperature  versus  Backcalculated 
E  and  k  for  Feature  T04A 
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TABLE  5-2.  REPEATABILITY  OF  BACKCALCULATED  DYNAMIC 
E  AND  k  MODULI  AT  VARIOUS  TEMPERATURES 


Feature 

Slab 

No. 

Pvmt 
Temp. 
Range 
(°P ) 

Load ( * ) 

Range 

(lbf) 

k 

Average 

(Pci) 

Coef . 

of 

Var . 

E  x 

Average 
(psi ) 

106 

Coef . 

of 

Var . 

No. 

of 

Cases 

T04A 

1 

33.1 

Low 

275 

.  19 

5.9 

.31 

8 

to 

Medium 

276 

.  15 

4.2 

.  16 

8 

121.8 

High 

316 

.13 

3.6 

.19 

8 

2 

33.1 

Low 

422 

.13 

4.7 

.26 

8 

to 

Medium 

348 

.12 

4.4 

.27 

8 

121.8 

High 

396 

.10 

3.8 

.27 

8 

3 

33.1 

Low 

268 

.29 

5.8 

.38 

8 

to 

Medium 

243 

.27 

1.3 

.27 

8 

121.8 

High 

261 

.25 

4.6 

.26 

8 

4 

33.1 

Low 

448 

.24 

2.9 

.53 

5 

to 

Medium 

370 

.13 

4.4 

.08 

5 

121.8 

High 

391. 

.12 

4.2 

.12 

5 

A05B 

1 

34.2 

Low 

209 

.17 

7.1 

.13 

6 

to 

Medium 

189 

.16 

7.2 

.13 

6 

119.3 

High 

208 

.18 

6.5 

.09 

6 

2 

34.2 

Low 

194 

.31 

9.1 

.33 

7 

to 

Medium 

176 

.16 

7.7 

.21 

7 

119.3 

High 

188 

.08 

7.6 

.14 

7 

3 

34.2 

Low 

327 

.23 

10.0 

.19 

6 

to 

Medium 

287 

.12 

9.3 

.24 

6 

119.3 

High 

310 

.09 

8.8 

.09 

6 

4 

34.2 

Low 

189 

.14 

7.5 

.27 

7 

to 

Medium 

173 

.10 

6.8 

.15 

7 

119.3 

High 

182 

.07 

6.8 

.11 

7 

(1) 

Load 

ranges  - 

Low: 

6000-  9000 

lbf 

Med iua:  14000-16000  lbf 
High:  22000-25000  lbf 


In  summary.  it  appears  that  only  temperature  extremes  substantially 
influence  backcalculated  dynamic  E  and  k  values.  Temperature  fluctuations 
between  45  and  90  °F  are  relatively  insignificant,  producing  very  little 
additional  variation  over  and  above  that  which  is  already  inherent  in  the 
equipment  and  pavement  materials.  As  will  be  emphasized  throughout  the 
remainder  of  this  report,  the  overwhelming  temperature  effect  occurs  at  the 
joints  where  load  transfer  plays  an  important  role  in  the  pavement  response 


to  load. 


CHAPTER  6 


THE  CRITICAL  STRESS  AND  JOINT  CONSIDERATIONS 


The  backcalculation  of  the  elastic  Modulus  of  the  concrete  and  the 
subgrade  reaction  modulus  is  a  critical  step  in  the  determination  of  the 
actual  stresses  that  develop  under  aircraft  loadings.  If  only  the  interior 
stresses  are  desired,  it  merely  remains  to  formulate  the  proper  ILLI-SLAB 
mesh  for  the  aircraft  gear  in  question,  and  then  have  the  program  calculate 
the  maximum  tensile  stress  at  the  bottom  of  the  slab.  The  elastic-layered 
programs  discussed  in  Chapter  2  could  have  accomplished  this  calculation 
almost  as  accurately  and  certainly  with  greater  speed.  But  the  value  of  the 
ILLI-SLAB  finite  element  model  lies  in  its  ability  to  calculate  edge  stresses 
under  any  gear  configuration  and  joint  load  transfer  type,  given  a  reasonable 
approximation  of  the  E  and  k  values.  This  chapter  will  discuss  the 
complexities  of  using  edge  stresses  over  interior  stresses,  and  the  computer 
program  developed  for  this  calculation. 


6.1  Edge  Versus  Interior  Stresses- 

Historically,  either  adjusted  edge  or  interior  streses  have  been  used  in 
various  rigid  pavement  design  procedures.  The  decision  to  use  Interior 
stresses  rather  than  edge  stresses  in  some  design  procedures  was  made  for 
simplicity  more  than  anything  else.  Interior  stresses  are  easily  calculated 
using  either  elastic  layered  theory  or  Westergaard' s  equations.  In  some 
instances,  it  has  been  justified  by  assuming  all  joints  have  high  load 
transfer.  Only  just  recently  has  it  been  feasible,  with  the  advent  of  the 
high  speed  computer,  to  consider  actual  boundary  conditions  and  their  effect 
on  stress  calculations.  The  fact  that  most  of  the  rigid  pavement  slabs 
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constructed  to  date  violate  the  major  assumptions  of  elastic  layered  and 
Westergaard  theory  with  regard  to  slab  dimensions  has  largely  been  ignored. 
As  an  example  of  the  effect  that  slab  size  has  on  the  interior  stress,  Figure 
6-1  illustrates  how  the  maximum  tensile  stress  under  a  C-141  aircraft  gear 
changes  as  slab  size  increases.  This  analysis  is  for  a  single  slab  with  free 
edges  all  around.  Obviously,  this  type  of  sensitivity  analysis  would  not 
even  be  possible  without  a  finite  element  or  similar  computer  model,  but  it 
serves  to  point  out  the  variation  that  can  occur  even  in  interior  stresses. 
Figure  6-2  shows  how  the  maximum  tensile  stress  in  the  concrete  increases  as 
the  same  C-141  gear  is  moved  toward  the  transverse  edge  of  a  typical  airfield 
slab.  This  dramatic  increase  in  maximum  tensile  stress  must  be  accounted  for 
if  our  rigid  pavements  are  to  be  properly  designed  and  evaluated. 

Recent  shifts  in  policy  with  regard  to  design  of  rigid  pavements  by  the 
FAA  (17)  and  others  have  given  credence  to  the  importance  and  validity  of 
using  edge  stress  for  design.  Again,  as  a  matter  of  convenience  and  a  lack 
of  better  information,  a  standard  25  percent  reduction  in  free  edge  stress  is 
applied  to  account  for  load  transfer,  in  whatever  form  it  may  take.  Perhaps 
for  design  purposes,  this  approach  is  reasonable.  The  results  of  load 
transfer  studies  conducted  during  this  research  effort  and  presented  in  the 
discussion  to  follow,  however,  will  suggest  that  this  standard  25  percent 
reduction  in  free  edge  stress  used  in  design  is  too  high  in  light  of  the 
actual  performance  of  joint  load  transfer  systems  throughout  their  design 
life. 

The  evaluation  of  rigid  pavement  systems,  on  the  other  hand,  affords  the 
engineer  the  opportunity  to  atone  for  the  shortcomings  in  the  design  and 
construction  of  concrete  slabs  and  joints.  The  equipment  and  analytical 
models  now  available  render  it  feasible  to  Identify  poorly  performing  slabs 
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Figure  6-2.  The  Change  in  Maximum  Tensile  Stress  Under 
Closer  to  the  Longitudinal  Joint 
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and  joints.  Preventative  maintenance  techniques  or  allowable  load 
restrictions  can  then  be  implemented  to  preserve  and  protect  individual  slabs 
and  features  for  their  full  design  life.  The  key  to  achieving  the  greatest 
return  on  the  investment  in  millions  of  square  yards  of  rigid  pavement  is  the 
realistic  assessment  of  the  damage  caused  by  aircraft  loads,  a  process  that 
begins  with  the  calculation  of  the  critical  stress. 

6.2  The  Aggregate  Interlock  Factor 

In  the  ILLI-SLAB  finite  element  model,  keyway  and  aggregate  interlock 
load  transfer  mechanisms  are  modeled  as  a  series  of  vertical  springs 
adjoining  two  adjacent  slabs  at  the  joint  (37).  The  stiffness  of  these 
springs,  expressed  in  pounds  per  inch  per  inch  of  thickness,  is  known  as  the 
aggregate  interlock  factor  and  is  applicable  to  both  mechanisms.  The 
magnitude  of  the  aggregate  interlock  factor  can  be  directly  related  to  the 
joint  efficiency,  but  is  a  function  of  slab  and  subgrade  properties.  Figure 
6-3  illustrates  how  a  given  aggregate  interlock  factor  can  produce  a  wide 
range  of  joint  load  transfer  efficiencies,  depending  on  the  thickness  and 
stiffness  of  the  concrete  and  the  modulus  of  subgrade  reaction.  This  figure 
was  developed  from  a  data  base  of  over  1000  ILLI-SLAB  runs,  representing 
concrete  thicknesses  from  6  to  32  inches,  elastic  moduli  from  1  to  10  million 
psi,  and  subgrade  reaction  moduli  from  50  to  1000. 

For  the  designer,  this  dependency  poses  no  particular  problem  since  an 
aggregate  interlock  factor  is  chosen  by  trial  and  error  that  results  in  some 
standard  percentage  of  the  free  edge  stress  for  assumed  slab  stiffness  and 
support  conditions.  For  the  evaluator,  however,  the  task  of  selecting  the 
appropriate  aggregate  interlock  factor  is  more  involved.  Each  joint  has  its 
own  unique  load  transfer  efficiency,  and  each  slab  has  its  own  unique 
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combination  of  dynamic  E  and  k,  both  measured  or  backcalculated  from  FWD 
loads  and  deflections.  This  trial  and  error  selection  of  the  aggregate 
interlock  factor  that  best  models  actual  joint  efficiency  is  well  suited  for 
computer  determination. 

6.3  Application  of  Center  Slab  Dynamic  E  and  k  Values  to  Joints 

The  techniques  presented  earlier  for  backcalculation  of  dynamic  E  and  k 
values  for  each  slab  were  based  upon  deflection  basins  generated  at  the 
center  of  the  slab.  Ideally,  of  course,  it  would  be  desirable  to  use  actual 
joint  measurements  for  the  determination  of  E.  k,  and  the  aggregate  interlock 
factor,  but  the  complexities  surrounding  support  conditions  at  the  joints 
makes  such  an  undertaking  impractical  at  this  point  in  time.  However,  if  the 
center  slab  backcalculated  values  could  be  assumed  to  exist  at  the  joints  as 
well,  then  selection  of  the  proper  aggregate  interlock  factor  is  reduced  to 
an  iterative  computer  solution.  The  impact  of  making  this  assumption  is  much 
more  significant  for  k  than  for  E.  Obviously,  making  this  assumption  for  k 
ignores  the  potential  loss  of  support  that  can  occur  at  the  Joint  from 
plastic  deformation,  pumping,  etc.  It  also  ignores  the  assumed  nonexistance 
of  shear  across  joints  in  the  Winkler  foundation.  However  if  this  assumption 
will  permit  reasonably  accurate  ILLI-SLAB  modeling  of  the  joint's  behavior 
under  FWD  loads,  great  confidence  can  then  be  placed  in  the  calculated 
stresses  under  actual  gear  loads . 

This  approach  was  tested,  and  a  trial  and  error  procedure  was  used  to 
determine  the  aggregate  Interlock  factor  that  would  reproduce  the 
FWD-measured  load  transfer  efficiencies.  This  factor,  along  with  the  center 
slab  E  and  k  values  and  actual  FWD  load  used  at  the  joint,  were  then  reinput 
into  ILLI-SLAB  to  compare  measured  with  predicted  deflections  across  the 
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illustrates  the  high  degree  of  correlation  between  measured  and  predicted 
load  transfer  efficiencies.  This  remarkable  agreement  between  measured  and 
predicted  deflections,  across  such  a  stark  discontinuity  as  a  keyed 
construction  joint  or  dummy  contraction  joint,  further  reinforces  ILLI-SLAB ' s 
ability  to  accurately  model  behavior  at  joints.  In  addition,  these 
encouraging  results  fostered  the  development  of  an  iterative  computer  scheme 
to  determine  aggregate  interlock  factors  for  use  in  calculating  the  critical 
stress . 


6.4  Iterating  to  Determine  the  Aggregate  Interlock  Factor 

The  tremendous  variation  in  load  transfer  efficiency  from  joint  to  joint 
within  a  single  feature,  vividly  illustrated  in  Figures  4-13  through  4-22, 
dictates  that  the  critical  stress  be  calculated  for  each  slab  in  the  field 
testing  program.  To  facilitate  this  requirement,  an  iterative  computer 
solution  was  developed  that  utilizes  backcalculated  slab  moduli  and  the 
aggregate  interlock  factor  to  reproduce  the  load  transfer  efficiency  measured 
by  the  DO  and  D1  deflection  sensors  of  the  FWD,  six  inches  either  side  of  the 
joint.  The  basis  upon  which  the  technique  was  developed  is  shown  in  Figure 
6-5  and  described  below. 

The  load  transfer  efficiency  of  a  rigid  pavement  joint  with  specific 
thickness  and  moduli  values  displays  a  characteristic  S-shape  when  plotted 
against  the  logjo  of  the  aggregate  interlock  factor.  The  exact  location  of 
that  curve  within  the  limits  illustrated  in  Figure  6-3,  however,  is  not  known 
and  must  be  determined  from  the  single  load  transfer  efficiency  measured  by 
the  FWD.  To  accomplish  this,  a  nonlinear  regression  model  was  developed  from 
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Figure  6-4.  Measured  Versus  Predicted  Joint  Load  Transfer 
Efficiencies 


the  load  transfer  efficiency-aggregate  interlock  factor  data  base  discussed 
in  Section  6.2.  This  model  provides  a  starting  point  for  the  iterative 
scheme  by  predicting  a  rough  approximation  of  the  aggregate  interlock  factor 
(Point  c)  from  the  measured  load  transfer  efficiency  (Point  a).  This  factor 
is  then  input  to  ILLI-SLAB  which  calculates  a  load  transfer  efficiency  (Point 
e)  for  that  particular  factor  from  the  joint's  characteristic  curve  at  Point 
d.  Depending  on  the  position  of  Point  e  from  Point  c,  one  order  of  magnitude 
is  either  added  to  (Point  f)  or  subtracted  from  Point  c  and  reinput  to 
ILLI-SLAB  to  calculate  a  new  load  transfer  efficiency  (Point  h),  again  from 
the  joint's  characteristic  curve  (Point  g) .  The  line  d-g  can  now  be  used  to 
calculate  Point  i,  the  proper  aggregate  interlock  factor  for  the  measured 
load  transfer  efficiency  at  Point  a.  The  straight  line  approximation  of  the 
S-shaped  curve  can  introduce  slight  errors  into  the  final  result, 
particularly  at  higher  load  transfer  efficiencies  where  curvature  is 
greatest.  Fortunately,  load  transfer  efficiencies  become  less  sensitive  to 
the  aggregate  interlock  factor  in  this  region,  and  predicted  deflections  at 
the  joint  are  relatively  unaffected. 

The  results  of  this  analysis  will  provide  the  appropriate  aggregate 
interlock  factor  that,  for  a  specific  slab  thickness,  E,  and  k,  will  give  the 
correct  load  transfer  efficiency  across  the  joint. 

6.5  Calculating  the  Critical  Stress 

Calculation  of  the  critical  stress  developed  under  the  gear  of  an 
aircraft  at  any  given  time  combines  the  procedures  and  techniques  described 
in  Chapters  3  through  6.  The  complete  response  of  the  rigid  pavement  slab  to 
prototype  loads  is  first  determined  by  FTO  testing  at  the  corner,  center,  and 
transverse  and  longitudinal  joints.  The  center  slab  deflections  are  then 


used  to  backcalculate  the  dynamic  elastic  concrete  modulus  and  modulus  of 
subgrade  reaction.  Next,  the  these  center  slab  moduli  are  transferred  to 
each  joint  where  load  transfer  efficiencies  for  any  temperature  can  be  used 
to  calculate  aggregate  interlock  factors.  Finally,  all  three  of  these  unique 
slab  characteristics  are  input  to  the  ILLI -SLAB  finite  element  program,  along 
with  the  gear  weight  and  configuration  of  the  desired  aircraft,  to  calculate 
the  maximum  tensile  stress  generated  at  the  bottom  of  the  slab.  The  next 
chapter  will  describe  how  these  critical  stresses  can  be  related  to  the  field 


performance  of  the  slab. 


CHAPTER  7 


RELATING  CRITICAL  STRESS  TO  PERFORMANCE 

Thf  precise  determination  of  the  critical  stress  at  the  bottom  of  a 
concrete  slab  due  to  a  specific  aircraft  load  and  set  of  environmental 
conditions  would  merely  be  an  academic  exercise  if  it  could  not  be  related  to 
the  anticipated  field  performance  of  the  slab.  Only  through  this 
relationship,  or  transfer  function  as  it  is  commonly  referred  to,  can 
projections  of  remaining  pavement  life  be  made.  Up  to  this  point,  strictly 
mechanistic  concepts  have  been  employed,  with  the  exception  of  the  dynamic  k 
to  describe  support  conditions,  in  the  evaluation  of  rigid  pavements. 
Unfortunately,  this  idealistic  approach  must  now  be  tempered  with  empirical 
procedures  to  reach  the  objective,  simply  because  all  the  factors  affecting 
pavement  performance  can  not  be  separately  accounted  for.  This  chapter  will 
focus  on  the  development  of  the  transfer  function,  with  emphasis  on  its 
empirical  components  of  concrete  flexural  strength,  fatigue  damage, 
accelerated  traffic  testing,  and  pass  per  coverage  ratio. 

7.1  The  Fatigue  Damage  Concept 

The  performance  of  many  materials  subjected  to  repeated  loadings  below 
ultimate  static  strength  levels  can  often  be  described  by  some  functional 
relationship  between  the  repeated  tensile  stress  or  strain  and  the  number  of 
load  applications  to  failure.  For  concrete  paving  materials,  this  "fatigue 
approach”  frequently  relates  the  maximum  tensile  stress/static  flexural 
strength  ratio  to  the  logjQ  of  the  number  of  applications  of  load.  Figure 
7-1  depicts  this  concept  for  a  variety  of  cemented  materials. 
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Figure  7-1.  Flexural  Beam  Fatigue  Response  Curves  for  Various 
Cemented  Materials  (38) 


The  volume  of  research  into  the  fatigue  of  concrete  materials  has  truly 
been  prolific,  and  is  of  interest  in  this  research  in  selecting  the  basis  for 
the  transfer  function.  In  his  review  of  published  investigations  on  concrete 
fatigue,  Nordby  (39)  includes  over  100  pertinent  publications,  beginning  with 
the  work  of  Considere  and  DeJoly  in  1898.  He  summarizes  many  important 
findings  pertaining  to  laboratory  testing  of  specimens,  but  concludes  that 
"research  on  the  fundamental  properties  of  concrete  fatigue  to  describe  the 
mechanism  of  fatigue  failure  may  be  particularly  fruitful."  The  American 
Concrete  Institute  (ACI)  review  (40)  contains  114  bibliographical  entries  and 
concludes  by  stating,  "the  most  Important  need  at  the  present  is  an 
understanding  of  the  mechanism  of  fatigue  in  concrete."  Murdock's  review 
(41)  of  previous  investigations  of  the  fatigue  behavior  of  plain  concrete 
makes  frequent  reference  to  the  use  of  statistics  to  confirm  test  results  and 
adequately  describe  fatigue  failure.  Finally,  Ople  and  Hulsbos  (42)  conclude 
that  "there  seems  to  be  no  knowledge  as  to  whether  or  not  the  fatigue 
characteristics  of  one-dimensional,  simply  supported  test  systems  can  be 
translated  directly  to  structural  systems,  such  as  fully  supported  pavement 
slabs . " 

Despite  the  lack  of  understanding  of  the  mechanisms  of  concrete  fatigue, 
even  in  the  highly  controlled  laboratory  environment,  the  results  of 
laboratory  fatigue  studies  on  concrete  beams  have  been  employed  by  various 
Investigators  (45,46)  for  development  of  design  procedures  for  rigid 
pavements.  The  reason  for  doing  so  Is  simple:  it's  the  best  information 
available,  particularly  when  dealing  with  the  number  of  load  applications 
appropriate  for  highway  design.  Efforts  have  been  made  by  other  researchers 
(47,48,49)  to  analyze  results  of  the  AASHO  Road  Test  performance  data  for  use 
in  design.  These  efforts  at  least  attempt  to  incorporate  actual  field 


performance  of  concrete  slabs  into  the  design,  but  may  be  significantly 
influenced  by  special  modes  of  failure,  such  as  pumping,  that  are  not  highly 
relevant  to  rigid  airfield  pavements.  A  graphical  representation  of  several 
of  these  models  was  made  by  Darter  (45)  and  Majidzadeh  (50)  and  is  presented 
as  Figure  7-2. 

The  wide  disparity  in  the  models  for  stress  ratios  below  0.60  and  above 
0.70  in  this  figure  can  be  explained  by  differences  in  the  source  of  the 
data,  the  procedures  for  counting  stress  repetitions,  the  method  of  analysis 
used  in  calculating  stresses,  and  the  definition  of  failure.  For  example, 
the  PCA  curve  represents  a  lower  bound  of  laboratory  test  results  and  assumes 
a  fatigue  limit  at  the  0.50  stress  ratio.  A  stress  repetition  is  counted 
each  time  the  beam  is  loaded,  and  the  stress  is  calculated  from  simple 
bending  equations.  Failure  occurs  when  the  beam  fractures.  Darter's  curves 
are  25th  percentile  probabilistic  fatigue  failure  models  based  on  the  results 
of  140  laboratory  beam  tests  conducted  by  three  researchers  and  reported  in 
References  39,  51,  and  52.  The  ARE  curve  is  based  on  the  road  test  data 
using  elastic  layered  theory  to  compute  fully  supported  mid-slab  stresses  and 
AASHO  equivalency  factors  to  account  for  mixed  traffic.  A  stress  repetition 
occurred  with  each  tandem  axle  pass,  and  failure  was  based  on  a  Present 
Serviceability  Index  (PSI)  of  2.5.  The  USAF  curve  is  based  on  full  scale, 
accelerated  traffic  tests  of  rigid  airfield  pavements  where  one  coverage  is 
equated  to  one  load  application.  The  analysis  was  based  on  plate  theory  with 
a  25  percent  reduction  in  edge  stress  for  load  transfer,  and  failure  was 
defined  as  50  percent  of  the  slabs  exhibiting  an  initial  crack.  The  Vesic 
model  was  developed  by  analyzing  the  AASHO  road  test  data  using  Westergaard 
plate  theory  to  determine  stresses,  but  two  repetitions  were  counted  for  each 
pass  of  a  tandem  axle.  Finally,  the  RII  model  uses  plate  theory  on  an 


elastic  solid  foundation  and  incorporates  load  placement  effects,  slab 
geometry,  and  materials  properties  into  the  analysis. 

With  such  a  broad  spectrum  for  analyses,  it  is  not  surprising  to  find 
this  large  discrepency  in  the  available  models.  Darter  (45)  presents  a 
thorough  discussion  of  the  difficulties  in  relating  laboratory  fatigue 
analysis  to  fatigue  of  actual  slabs  under  field  conditions.  He  concludes  by 
stating  that  "the  complexities  are  so  great  and  available  information  so 
limited  that  any  laboratory  curves  used  to  estimate  fatigue  damage  in  field 
slabs  must  be  calibrated  based  on  field  data." 

Two  primary  conclusions  can  be  drawn  from  this  review  of  concrete  fatigue 
and  performance  research.  First,  our  knowledge  of  fatigue  mechanisms  is  not 
sufficient  enough  at  present  to  warrant  any  basis  other  than  empirical,  full 
scale  field  testing  for  the  development  of  the  critical  stress/flexural 
strength/pavement  performance  relationship.  Although  the  most  controlled 
full  scale  tests  have  certain  shortcomings  that  cannot  be  avoided,  the 
effects  of  the  environment,  construction  deficiencies,  material  variations, 
loading  conditions,  and  slab  geometries  just  cannot  be  properly  modeled  by  6 
x  6  x  24  inch,  unsupported  laboratory  beams. 

Second,  it  is  imperative  that  the  methods  of  testing,  analysis,  and  model 
development  be  consistent.  If  testing  is  accomplished  at  mid-slab  and 
stresses  analyzed  at  mid-slab  with  elastic  layered  techniques,  then  the 
performance  curve  must  be  based  on  an  elastic  layered  analysis  of  the  loads 
imparted  at  mid-slab.  Similarly,  if  joints  are  to  be  tested  and  analyzed 
with  finite  element  techniques,  then  the  transfer  function  must  be  based  on 
that  same  finite  element  analysis  of  the  original  full-scale  traffic  data. 

These  two  fundamental  conclusions  have  guided  the  development  of  a  "field 
performance"  curve  based  on  full  scale,  accelerated  traffic  tests  conducted 


over  a  thirty  year  period  that  have  been  completely  reanalyzed  using  the 


ILLI-SLAB  finite  element  model. 

7.2  Nondestructive  Determination  of  Slab  Concrete  Flexural  Strength 

One  of  the  most  fundamental,  but  often  underemphasized,  elements  of  the 
transfer  function  is  the  flexural  strength  of  the  concrete.  This  essential 
property  shares  an  equally  important  part  with  the  critical  stress  in  the 
determination  of  the  stress  ratio,  yet  is  often  erroneously  assumed  from 
design  specifications  or  laboratory-cured  28  day  specimens.  Several 
consistent  conclusions  have  been  reached  by  many  investigators  concerning  the 
flexural  strength  of  concrete.  These  have  been  summarized  by  Nordby  (39)  and 
Murdock  (41)  as  follows: 


1)  The  order  in  which  varying  load  levels  are  applied  can  affect  the 
flexural  strength.  Higher  loads  applied  before  lower  ones  is  more 
detrimental  than  vice  versa. 

2)  Rest  periods  between  load  applications  serve  to  increase  flexural 
strength. 

3)  Inadequately  aged  or  cured  specimens  produce  lower  strengths. 

Since  this  preponderance  of  evidence  suggests  that  use  of  laboratory  beam 
flexural  strength  test  results  to  describe  the  in  situ  strength  of  field 
cured  and  loaded  pavement  slabs  is  unjustifiable,  a  more  consistent  approach 
was  adopted  that  would  utilize  FWD-generated  test  results  for  flexural 
strength  as  well  as  moduli  determination. 

The  determination  of  the  flexural  strength  of  existing  concrete  slabs  has 
traditionally  centered  around  the  correlation  of  compressive  or  split  tensile 
strengths  of  six  inch  diameter  core  samples  with  the  flexural  strength  of 
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field  cured,  cast  or  sawed  beams.  Hammitt  (8),  Narrow  and  Ullberg  (43),  and 


Greer  (44)  each  report  similar  straightline  correlations  of  the  form 

FS  =  ST  +  b  (7.1) 

where  FS  equals  the  flexural  strength,  ST  equals  the  split  tensile  strength, 
and  b  ranges  between  150  and  250.  Hammitt 's  equation 

FS  =  1.02  (ST)  ♦  210  (7.2) 

has  been  used  by  the  Air  Force  for  a  number  of  years  and  represents  a  "middle 
of  the  road"  correlation. 

In  an  effort  to  establish  the  flexural  strength  of  pavement  slabs 
nondestructively ,  one  to  three  core  samples  w^re  extracted  from  nine  of  the 
ten  test  locations  at  Seymour- Johnson  AFB,  and  returned  to  the  AFESC 
laboratory  for  split  tensile  testing.  This  was  done  with  the  hope  that  a 
correlation  could  be  found  between  the  backcalculated  dynamic  elastic  modulus 
and  the  flexural  strength,  utilizing  the  existing  split  tensile-flexural 
strength  relationship.  Obviously,  a  direct  correlation  is  preferred,  but  the 
testing  program  required  to  develop  such  a  relationship  was  beyond  the  scope 
of  this  research. 

Table  7-1  presents  the  results  of  this  split  tensile  testing  and  the 
correlation  to  flexural  strength.  In  addition,  the  average  backcalculated 
dynamic  elastic  moduli  for  each  feature  is  shown,  along  with  the  number  of 
slabs  tested.  The  data  in  Table  7-1  are  plotted  in  Figure  7-3  and  suggest 
that  a  straight  line  fit  is  appropriate,  at  least  for  the  limited  number  of 
data  points  available.  The  resulting  equation  is: 


TABLE  7-1.  DEVELOPMENT  OF  THE  CORRELATION  BETWEEN  THE  BACKCALCULATED 
DYNAMIC  E  MODULUS  AND  CONCRETE  FLEXURAL  STRENGTH 


Feature 

AFESC 

Core 

No. 

Split 

Tensile 

Str. 

(psi) 

Estimated 

Flexural 

Str. 

(psi) 

Backcalculated  E  for  Test  No. 

1  2  3  4  5 

( 106  psi) 

|avg 
(106  psi 

R06C 

94 

354 

571 

1.74 

1.88 

1.85 

1.64 

1.78 

93 

507 

727 

5.33 

5.03 

4.64 

5.72  6.51 

5.44 

R09C 

100 

493 

713 

3.14 

3.07 

2.62 

2.97 

2.95 

99 

415 

633 

2.72 

2.72 

TOIA 

141 

401 

619 

4.89 

3.38 

2.98 

3.71  4.18 

3.83 

T03A 

41 

488 

708 

5.09 

5.09 

5.09 

42 

347 

564 

2.52 

2.52 

43 

406 

695 

4.98 

4.98 

T05A 

39 

537 

757 

5.74 

5.75 

5.75 

T07A 

153 

472 

692 

4.16 

6.40 

3.72 

4.42 

4.67 

A11B 

12 

520 

740 

6.14 

5.28 

5.71 

13 

425 

644 

3.78 

4.01 

3.90 

A12B 

5 

344 

561 

2.98 

2.98 

Note:  The  flexural  strengths  were  obtained  from  the 
split  tensile  strengths  using  Equation  7.2. 
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FS  =  43.5  (E/10  )  +  488.5  (7.3) 

R2  =  0.71 
SEE  =38.5 


The  above  relationship  yields  reasonable  flexural  strengths  for 
FWD-measured  dynamic  E  values,  and  eliminates  the  last  element  of  destructive 
testing  involved  in  rigid  pavement  evaluation.  Additional  research  is  needed 
to  verify  the  equation  for  a  wider  range  of  values,  but  the  approach  appears 
to  be  reasonable.  It  must  be  pointed  out  that,  for  the  first  time  in  the  NDT 
&  E  process,  static  and  dynamic  stress  modes  have  been  interrelated;  a 
dynamic  FWD  load  and  backcalculated  dynamic  E  are  being  used  to  determine  a 
static  flexural  strength.  Normally,  this  is  undesirable  from  a  theoretical 
standpoint,  since  material  behavior  is  quite  different  for  each.  However,  as 
will  be  shown  later  in  the  chapter,  this  practice  is  consistent  with  the 
analysis  used  in  the  full  scale,  accelerated  traffic  tests  where  moving  gear 
loads  are  producing  dynamic  stresses,  but  are  being  compared  to  statically 
determined  flexural  strengths. 


7.3  Performance  Criteria 

Historically,  performance  criteria  for  design  and  evaluation  of  rigid 
pavements  have  been  based  on  limiting  the  tensile  stress  in  the  PCC  slab  to 
levels  such  that  failure  occurs  only  after  the  pavement  has  sustained  a 
number  of  load  repetitions,  usually  the  total  projected  for  a  twenty-year 
design  life.  This  reasonable  approach  for  design  is  accomplished  by 
Increasing  concrete  thickness,  flexural  strength,  or  subgrade  support;  in 
evaluation,  it  is  done  by  restricting  the  loads  placed  on  the  pavement.  As 
was  seen  in  Section  7.1,  however,  calculating  this  critical  stress  and  then 
relating  it  to  some  measure  of  performance  can  take  many  different  avenues. 
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For  the  performance  criteria  developed  in  this  report,  the  basic  data  will  be 
obtained  from  test  pavements  subjected  to  controlled,  simulated,  and 
accelerated  aircraft  traffic.  The  following  discussion  outlines  the  specific 
criteria  selected  for  this  study. 

7.3.1  The  Strength  Over  Stress  Ratio 

For  the  remainder  of  this  report,  the  ratio  of  the  slab’s  flexural 
strength  to  its  critical  stress  will  be  used  in  the  field  performance  curve. 
The  inverse  of  the  traditional  stress  ratio,  this  "evaluation  factor"  has 
been  used  in  several  design  and  evaluation  methodologies  because  it  yields  a 
straight  line  relationship  when  plotted  against  the  log10  of  coverages  for 
the  accelerated  traffic  tests.  The  U.S.  Air  Force  (53)  curve  uses  this  ratio 
with  the  critical  stress  calculated  from  Westergaard' s  edge  stress  equation 
and  then  reduced  by  25  percent  for  load  transfer.  The  FAA  (54)  proposed 
curve  utilizes  interior  stress  from  elastic  layered  procedures  as  the 
denominator  in  the  ratio.  ERES  Consultants  (36)  have  developed  a  similar 
curve  based  on  a  reexamination  of  the  accelerated  traffic  test  data  using 
ILLI-SLAB-calculated  free  edge  stresses,  reduced  by  25  percent  for  load 
transfer. 

7.3.2  Coverages 

The  early  researchers  into  design  and  evaluation  of  airfield  pavements 
recognized  that  simply  counting  the  number  of  aircraft  using  an  airfield 
facility  was  not  an  adequate  means  of  accounting  for  stress  repetitions. 
Unlike  highway  pavements  where  wheel  loads  are  highly  channelized  and  axle 
configurations  nearly  identical,  airfield  pavements  are  subjected  to  a 
variety  of  gear  configurations  and  lateral  distributions  of  the  loads.  As  a 

143 


result,  the  ter*  coverage  was  introduced  to  reflect,  in  a  single  number,  the 
collective  influence  of  these  and  other  factors  on  pavement  performance. 

Because  of  the  vastly  different  mechanisms  by  which  flexible  and  rigid 
pavements  transmit  loads  to  the  subgrade,  two  distinct  definitions  of  tne 
term  "coverage"  are  necessary.  For  flexible  pavement,  one  coverage  of  the 
feature  occurs  when  every  point  on  the  pavement's  surface  over  the  full  width 
of  the  traffic  lane  has  received  one  maximum  stress  application.  For  rigid 
pavements,  a  coverage  occurs  when  every  point  within  the  concrete  slab  has 
received  one  maximum  stress  application  over  the  full  width  of  the  traffic 
lane.  The  distinction  is  made  because  of  the  overlapping  of  stress  bulbs 
that  occurs  within  the  full  depth  of  rigid  pavement  slabs,  thus  producing 
only  a  single  maximum  stress  repetition,  even  for  tandem  gears. 

This  method  of  accounting  for  the  total  number  of  maximum  stress 
applications  was  used  in  each  of  the  full-scale  tests.  Traffic  on  the  test 
sections  was  programmed  so  that  adjacent  wheel  paths  touched  but  did  not 
overlap,  thus  allowing  an  accurate  determination  of  the  coverage  levels. 
Obviously,  some  damage  must  have  resulted  at  the  point  of  maximum  stress 
application  from  adjacent  wheel  paths,  but  only  an  extensive  analysis  based 
on  Miner's  damage  law  could  reveal  the  extent.  The  Corps  of  Engineers  merely 
reported  the  total  number  of  passages  of  the  load  cart  over  the  center  wheel 
path  of  the  traffic  lane  as  the  coverage  level  at  failure.  These  reported 
coverage  levels  at  failure  are  used  in  the  transfer  function  developed 
herein. 

7.3.3  Initial  Crack  Failure 

The  selection  of  the  point  at  which  the  pavement  has  reached  a  failed 
condition  is  probably  the  most  subjective  aspect  of  the  entire  evaluation 


process.  As  was  pointed  out  earlier,  failure  can  be  based  on  a  visual 
observation  of  crack  development,  upon  ride  quality,  or  any  number  of  other 
schemes.  For  ease  of  determination  during  field  tests  and  for  simplicity  of 
analysis,  however,  the  "initial  crack  failure"  criteria  has  been  the  standard 
for  design  and  evaluation  of  rigid  pavements  for  many  years,  and  will  be  used 
for  this  evaluation  methodology  as  well.  It  must  be  emphasized  that  "initial 
crack  failure"  refers  to  the  first  appearance  of  a  load-associated  crack  at 
the  surface  of  the  slab,  rather  than  initiation  of  a  crack  at  the  bottom  of  a 
slab.  Failure  of  an  entire  feature  occurs  when  50  percent  of  the  slabs  have 
sustained  a  load  associated  crack. 

Frequently,  slabs  are  tested  until  shattered  (4-6  pieces)  or  complete 
(30-35  pieces)  failure  levels  are  reached,  recognizing  that  an  initial  crack 
does  not  constitute  functional  failure.  The  analysis  of  these  slabs  and  the 
stresses  that  are  occurring  within  each  piece,  however,  would  be  extremely 
difficult  with  modern  numerical  techniques  and  impossible  with  plate  or 
elastic  layered  theory.  Predictions  of  remaining  life  to  a  shattered  failure 
condition  have  been  attempted,  but  are  highly  dependent  on  the  strength  of 
the  supporting  material  and  other  factors  peculiar  to  the  test  conditions. 
Initial  crack  failure  criteria  provides  the  most  accurate  basis  for  analysis 
and  prediction  of  remaining  life,  and  serves  to  indicate  the  point  at  which 
preventative  maintenance  techniques  must  be  programmed  if  the  remaining  life 
of  the  pavement  is  to  be  extended. 


7.4  The  Full-Scale  Accelerated  Traffic  Tests 

The  best  information  available  on  the  performance  of  rigid  pavements 
under  aircraft  loads  cones  from  the  full-scale  test  sections  constructed  by 
the  Corps  of  Engineers  between  1943  and  1973.  These  sections  were  built  and 
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tested  under  very  controlled  circumstances  at  several  locations  in  Ohio  and 
at  the  Waterways  Experiment  Station  (WES)  in  Vicksburgh,  Mississippi.  In 
addition  to  obtaining  specific  information  on  the  thickness  requirements  of 
PCC  slabs  to  support  increasingly  heavy  military  aircraft,  these  sections 
gave  researchers  the  opportunity  to  evaluate  the  performance  of  several  types 
of  longitudinal  and  transverse  joint  load  transfer  systems. 

A  complete  description  of  each  test,  including  the  design  and 
construction  of  the  test  section,  the  load  cart  trafficking  procedures,  and 
the  data  collection  program,  is  contained  in  References  55  through  67  and 
will  not  be  presented  here.  Parker  and  Gunkel  (54),  however,  provide  a 
concise  summary  of  these  full-scale  tests,  including  their  strengths  and 
limitations,  which  will  be  discussed  briefly. 

7.4.1  Strengths  and  Limitations 

Although  the  major  details  of  the  tests  were  different,  such  as 
construction  procedures,  geographic  locations,  joint  types,  and  loads,  the 
entire  range  of  conditions  that  might  be  experienced  by  a  pavement  were  by  no 
means  covered.  This  fact  should  be  recognized,  but  should  not  prevent  their 
use  in  developing  a  general  evaluation  procedure. 

Second,  although  the  volume  of  data  is  substantial,  it  is  not  sufficient 
to  define  the  complex  relationships  that  undoubtedly  exist.  The  use  of  data 
from  actual  tests  permits  a  number  of  factors  to  be  considered  indirectly, 
and  the  resulting  performance  relates  to  the  entire  pavement  system  rather  to 
a  specific  component. 

Third,  the  accelerated  traffic  tests  were  conducted  over  short  periods  of 
tine  and  the  detrimental  effects  of  exposure  to  the  environment  are  not 
experienced.  However,  the  beneficial  effects  of  tine,  such  as  PCC  strength 
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gain,  are  not  considered  either,  and  it  is  felt  that  the  beneficial  and 


» 
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detrimental  time  effects  may  counterbalance  each  other  to  some  extent.  This 
same  counterbalancing  effect  may  also  apply  to  the  quality  of  the 
construction.  The  variability  normally  introduced  at  the  start  of  daily 
activities  on  large  jobs  was  probably  offset  to  some  degree  by  the  extensive 
manual  labor  and  quality  control  required  on  these  small  sections. 

Fourth,  the  uniqueness  of  each  slab,  or  the  lack  of  replication  in  the 
design  of  the  test  sections,  prevents  an  independent  estimate  of  the  pure 
error  in  any  statistical  analysis  of  the  data.  Many  of  the  test  items 
contained  2,  3,  or  4  slabs  and  would  have  been  sufficient  for  the  estimate  of 
pure  error  if  only  center  slab  conditions  were  considered.  The  desire  to 
test  many  different  joint  designs  simultaneously,  however,  rendered  each  slab 
unique  when  analyzing  the  critical  stresses  at  the  joints.  Therefore,  each 
slab  must  be  assumed  to  represent  an  average  failure  condition. 

Finally,  the  volume  of  traffic  applied  to  the  test  pavements  is  small 
when  compared  to  the  volume  being  experienced  by  modern  airport  facilities. 
At  the  time  of  these  tests,  however,  the  coverage  levels  applied  were  typical 
of  those  expected  in  a  20-year  design  life.  In  addition,  the  cost  of 
applying  large  amounts  of  traffic  was  prohibitive.  The  net  result  is  the 
requirement  to  extrapolate  the  low  volume  data  to  the  current  and  projected 
high  levels,  a  practice  that  is  subject  to  error. 

In  summary,  the  use  of  full-scale  accelerated  traffic  test  data  has 
certain  disadvantages  which  undoubtedly  compromise  the  validity  of  the 
remaining  life  projections  being  attempted.  But  until  the  results  of  25  to 
30  years  of  extensive  pavement  performance  monitoring  under  a  wide  variety  of 
traffic,  environmental,  geological,  and  geometrical  conditions  can  be 
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completed,  this  alternative  appears  to  be  the  only  one  that  is  generally 
applicable  and  implementable. 

7.4.2  Characterization  of  Individual  Test  Slabs 

The  full-scale,  accelerated,  simulated  traffic  tests  were  made  up  of  over 
75  distinct  test  items  grouped  into  8  separate  projects.  Each  item  generally 
contained  several  slabs  of  constant  base  course  and  PCC  thickness,  material 
types,  and  reinforcement,  and  each  was  trafficked  to  failure  by  applying  a 
number  of  coverages  of  a  simulated  aircraft  gear  load.  The  progress  of  the 
tests  was  recorded  by  periodic  mapping  of  crack  development  in  each  slab,  and 
the  initial  crack  failure  coverage  level  established  when  the  slab  was 
divided  into  two  pieces  by  a  load  associated  crack,  as  opposed  to  a  curling 
or  shrinkage  crack.  The  entire  item  was  deemed  failed  when  50  percent  of  the 
slabs  were  divided  into  two  or  more  pieces.  This  coverage  level  has  been 
used  in  the  Air  Force  and  proposed  FAA  design  algorithms  to  relate  the  stress 
ratio  to  the  number  of  coverages  to  failure. 

During  the  preliminary  stages  of  the  reanalysis  of  this  data,  however,  it 
quickly  became  apparent  that  each  Individual  slab,  rather  that  each  test 
item,  would  require  separate  analysis.  The  desire  on  the  part  of  the  Corps 
of  Engineers  to  test  the  performance  of  several  joint  types  within  each  item 
resulted  in  individual  pavement  slabs  with  unique  characteristics.  The 
effect  of  the  joint  types  and  their  load  transfer  efficiencies,  ignored  in 
previous  analyses,  must  now  be  considered.  Thus,  nearly  150  distinct  test 
slabs  of  plain  jointed  concrete  were  identified  for  ILLI-SLAB  analysis,  with 
each  slab  requiring  a  separate  determination  of  load  transfer  efficiency  at 
all  four  joints.  Similarly,  the  coverage  level  at  first  crack  had  to  be 


interpreted  from  crack  development  maps  that  were  generated  at  seemingly 
random  intervals. 

To  compile  the  needed  information,  data  contained  in  the  original  reports 
(References  55  through  67)  were  extracted  for  each  slab  and  recorded  onto  the 
specially  designed  data  form  shown  in  Figure  7-4.  Arriving  at  final  values 
for  the  material  properties  was  fairly  straightforward.  Slab  dimensions  and 
joint  types  were  taken  from  the  test  section  layout  plans.  PCC  thicknesses 
were  determined  by  averaging  the  lengths  of  core  samples  taken  after 
completion  of  the  load  cart  testing.  Flexural  strengths  were  obtained  from 
the  most  representative  data  available.  Generally,  28  and  90  day 
laboratory-cured  beam  strengths  were  reported,  but  field-cured,  sawed  or  cast 
six-inch  beam  strengths  were  used  whenever  possible.  These  same  beam 
specimens  were  also  used  to  determine  static  elastic  modulus  and  sonic 
dynamic  modulus  of  each  concrete  slab.  And  finally,  subbase  and/or  subgrade 
support  conditions  were  determined  by  static  plate  load  tests  performed  after 
completion  of  the  trafficking. 

The  determination  of  the  performance  of  the  four  joints  in  the  slab, 
however,  was  very  subjective  in  nature.  In  most  instances,  deflection  guages 
on  both  sides  of  the  joint  were  used  to  record  load  transfer  information  at 
sporadic  intervals  as  the  load  cart  rolled  from  the  approach  slab  to  the 
leave  slab.  These  guages  were  placed  only  at  selected  joints,  and  no 
temperature  information  was  reported.  As  a  result,  only  average  load 
transfer  efficiencies  could  be  calculated  for  each  joint  type  and  for  the 
entire  range  of  temperatures  encountered  during  testing.  In  those  cases 
where  no  load  transfer  information  was  available,  estimates  of  typical 
efficiencies  for  specific  joint  types  were  made  based  on  previous  Corps  of 
Engineers  experience  reported  by  Rollings  (68). 
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Specific  information  was  available  on  the  load  cart  configurations  used 
for  each  item.  The  number  and  spacing  of  the  wheels,  the  load  on  each 
individual  tire,  and  each  tire's  pressure  and  contact  area  were  precisely 
measured  and  recorded.  Finally,  the  propagation  of  the  initial  load  crack 
was  followed  closely  from  the  crack  pattern  development  maps  to  verify  the 
location  of  the  critical  stress  point  in  the  slab  for  the  given  loading 
conditions  and  traffic  pattern. 

7.4.3  ILLI-SLAB  Analysis  of  the  Original  Test  Data 

The  analysis  of  the  full-scale  test  slabs  using  the  ILLI-SLAB  finite 
element  model  was  considered  crucial  to  the  development  of  a  consistent  rigid 
pavement  evaluation  methodology  based  on  dynamic  FWD  measurements.  In 
keeping  with  this  policy,  dynamic  elastic  moduli  and  subgrade  reaction  moduli 
were  chosen  to  represent  the  material  properties  of  each  slab  under  the 
moving  loads  applied  during  the  original  tests.  Without  the  benefit  of  FWD 
testing  to  backcalculate  these  properties,  however,  use  was  made  of  the  best 
information  available.  In  the  case  of  dynamic  elastic  moduli,  the  sonic 
modulus  of  the  concrete,  measured  after  completion  of  the  trafficking,  was 
used.  These  sonic  values  are  very  similar  to  the  backcalculated  values  from 
FWD  measurements  of  typical  concrete  slabs  at  Sheppard  and  Seymour-Johnson 
AFB's,  and  are  believed  to  be  reasonable  estimates  of  FWD-generated  dynamic 
moduli . 

The  dynamic  modulus  of  subgrade  reaction  for  each  slab  was  determined 
through  a  correlation  between  static  plate  bearing  moduli  and  backcalculated 
FWD  moduli.  This  correlation  was  developed  from  a  limited  number  of  side  by 
side  tests  at  Seymour-Johnson  and  Sheppard  AFB's  and  at  McDill  AFB  in  Tampa, 
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Florida. 


Table  7-2  presents  the  data,  while  Figure  7-5  illustrates  the 


relationship  described  by  the  following  equation: 


kdyn  =  117  1  x  l°6e  ksta  “  2118  (7-4) 

R2  =  0.72 
SEE  =46.8 


Again,  although  based  on  only  seven  data  points,  the  correlation  appears  to 
give  reasonable  values  of  dynamic  subgrade  modulus.  Obviously,  additional 
testing  is  required  to  verify  this  model  for  a  variety  of  support  conditions, 
but  Equation  7.4  at  least  provides  a  foundation  upon  which  to  start.  This 
same  model  will  be  used  in  Chapter  8  to  permit  the  static  analysis  of 
pavement  features,  such  as  aircraft  hardstands,  where  a  dynamic  analysis  is 
not  appropriate. 

The  final  parameter  needed  for  a  complete  analysis  of  the  critical  stress 
in  each  of  the  test  slabs  is  the  aggregate  interlock  factor  that  will 
reproduce  the  load  transfer  efficiency  assumed  earlier  for  the  joint  where 
cracking  initiated.  Unfortunately,  this  factor  could  only  be  determined  by 
trial  and  error,  but  once  resolved,  results  of  the  stress  analysis  at  each 


.1 


joint  were  in  near  unanimous  agreement  with  the  observed  location  of  crack 
initiation:  the  highest  stresses  were  found  at  those  joints  where  the  cracks 
actually  started.  This  evidence  further  substantiates  the  validity  of  the 
ILLI-SLAB  model  and,  as  will  be  shown  in  the  next  section,  increases  the 
precision  of  the  transfer  funtion  when  compared  with  Westergaard  or  elastic 
layered  analyses. 
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TABLE  7-2.  DEVELOPMENT  OF  THE  CORRELATION 


BETWEEN  THE  PLATE  BEARING -DERIVED 
STATIC  k  MODULUS  AND  THE  FWD-DERIVED 
DYNAMIC  k  MODULUS 
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Figure  7-5.  Relationship  Between  the  Conventional  Static  k 
Modulus  and  the  Backcalculated  FWD  Dynamic  k 
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7.5  Developing  the  Field  Performance  Curve 

With  all  of  the  empirical  components  of  the  field  performance  curve 
firmly  established,  the  flexural  strength  of  each  slab  was  divided  by  the 
critical  stress  at  the  appropriate  joint  in  each  slab  to  determine  the 
"evaluation  factor."  This  factor  was  then  paired  with  the  logjo  of  the 
coverage  level  for  each  slab  to  produce  the  points  shown  on  Figure  7-6.  A 
simple  least  squares,  linear  regression  was  then  fit  through  the  data  using 
the  SPSS  computer  program.  The  following  equation  resulted: 

Log10  COV  =  1.323  x  (FS/CS)  +  0.588  (7.5) 

where  COV  =  Coverages  to  Initial  Crack  Failure 

FS  =  Flexural  Strength 
CS  =  Critical  Stress 
R2  =  0.64 
SEE  =0.52 

A  comparison  of  this  field  performance  curve  with  other  relationships 
developed  from  the  same  original  test  sections  is  shown  in  Figure  7-7.  The 
wide  disparity  among  curves  comes  about  for  several  reasons.  First,  the 
basis  upon  which  the  critical  stress  is  calculated  is  different  for  each 
curve.  The  line  labeled  Darter  #1  is  based  on  an  ILLI-SLAB  analysis  of  free 
edge  stress  for  an  entire  item,  reduced  25  percent  for  assumed  load 
transfer.  The  Darter  #2  line  is  an  ILLI-SLAB  analysis  of  interior  stress  for 
138  individual  slabs.  The  Parker  curve  is  an  elastic  layered  analysis  of 
interior  stresses,  as  is  the  Witczak  curve.  Second,  the  flexural  strengths 
used  in  the  Darter  #1,  Witczak,  and  Parker  curves  were  generally  based  on 
laboratory-cured  beam  specimens  cast  during  construction.  The  Foxworthy  and 
Darter  #2  curves  are  based  on  field-cured,  cast  and  sawed  specimens  which 
typically  produce  lower  strengths.  Finally,  the  Parker  and  Witczak  curves 


COV  =  1.328  (*=7- )  +  0.588 


contain  data  points  for  test  items  that  had  not  reached  initial  crack  failure 
at  the  conclusion  of  the  load  cart  testing,  while  the  others  do  not. 

It  aust  be  strongly  eaphasized  that  use  of  any  of  the  field  performance 
curves  shown  in  Figure  7-7  aust  be  in  conjunction  with  the  same  analysis 
procedures  that  were  used  to  develop  the  chosen  curve.  In  other  words,  the 
stresses  calculated  from  elastic  layered  procedures  may  be  entirely  different 
froa  those  calculated  by  ILLI-SLAB,  but  when  each  stress  is  used  with  its 
appropriate  curve,  the  resulting  coverage  levels  should  be  similar.  Use  of  a 
single  curve  for  stresses  coaputed  froa  different  theories  would  result  in  an 
erroneous  coaparison. 

Figure  7-8  provides  an  interesting  rearrangement  of  several  of  the  PCC 
laboratory  beam  fatigue  curves  currently  in  use  for  the  design  of  rigid 
pavements.  These  curves  have  been  drawn  using  the  same  scale  as  Figure  7-7 
to  illustrate  the  tremendous  increase  in  coverages  that  could  conceivably  be 
obtained  when  laboratory  beam  data  is  used.  These  differences  are  not  easily 
explained,  but  certainly  can  be  attributed  in  part  to  environmental 
conditions  during  curing  and  construction  practices.  The  impact  of  using  the 
field  performance  curve  developed  in  this  study  over  laboratory  beam  fatigue 
models  can  be  felt  most  severely  at  the  lower  stress  levels.  The  slope  of 
the  field  performance  curve  suggests  that  greater  damage  occurs  at  the  Joints 
from  shear  numbers  of  aircraft  operations,  regardless  of  weight,  rather  than 
from  increased  stress  levels,  as  is  suggested  by  the  laboratory  beam  data. 
This  has  profound  implications  for  the  lower  stress  producing  aircraft  that 
have  heretofor  been  largely  discounted  as  being  harmful  to  rigid  pavements. 
Conversely,  the  higher  stresses  generated  by  some  aircraft  may  not  be  as 
damaging  as  predicted  by  the  beam  curves. 


Beam  Fatigue  Models 


It  is  the  intent  of  this  research  effort  to  establish  a  firm  basis  for 
the  NDT  &  E  of  rigid  airfield  pavements.  Up  to  this  point,  the  three  major 
components  of  such  a  system: 


(1)  the  field  data  collection  equipment 

(2)  the  field  testing  program 

(3)  the  analysis  package 


have  been  identified,  and  detailed  descriptions  of  each  have  been  presented. 

It  now  remains  to  formulate  these  components  into  a  comprehensive 
methodology  that  will  guide  and  direct  the  engineer  toward  realistic 
projections  of  remaining  pavement  life.  This  chapter  will  accomplish  this 
objective  by  introducing  several  new  concepts  into  the  evaluation  process 
that  are  intended  to  link  the  major  components,  and  then  providing  specific 
examples  from  Seymour-Johnson  AFB,  Feature  A20T,  Slab  No.  1,  to  illustrate 
the  NDT  4  E  process.  (Appendix  figure  numbers  contained  in  paraentheses  are 
provided  to  illustrate  the  complete  computer  output  for  this  feature.)  The 
result  will  be  a  complete  system  upon  which  to  expand  and  improve.  Figure 
8-1  presents  a  flow  chart  that  can  be  used  as  ready  reference  for  the  entire 
NDT  4  E  procedure. 


KB 


5 


\A  V* 

■T'\ 


»,fWS 


JVEVLV 


tw 


8.1  Planning  and  Conducting  the  Field  Testing  Program 

The  structural  evaluation  of  any  pavement  network  (such  as  all  pavements 
at  an  airfield)  is  basically  a  two-fold  process:  general  network  level 
evaluation  and  specific  project  level  evaluation.  The  engineer  must 
initially  be  concerned  with  the  collection  and  analysis  of  information  for 
all  identifiable  pavement  features  on  the  airfield  network.  By  necessity, 
such  a  testing  program  must  be  broad  enough  in  scope  to  permit  the  most 
efficient  use  of  limited  resources,  yet  detailed  enough  to  identify  potential 
problem  areas.  This  general  network  evaluation  program  need  not  be  overly 
concerned  about  the  underlying  causes  of  pavement  distress,  but  rather  should 
provide  remaining  structural  life  predictions  for  each  feature  and  identify 
those  features  warranting  additional  investigation  during  the  "specific" 
phase  of  the  evaluation.  The  methodologies  described  herein  will  address  the 
first  of  these  two  phases,  the  general  network  evaluation. 

8.1.1  Feature  Identification 

The  tremendous  challenge  facing  the  engineer  in  planning  and  conducting 
an  NDT  &  E  program,  touched  upon  in  Chapter  3,  must  begin  in  much  the  same 
way  as  conventional  destructive  evaluations.  All  available  sources  of 
information  on  the  design,  construction,  maintenance,  and  repair  of  the 
airfield  facilities  must  be  reviewed,  along  with  the  results  of  any  previous 
testing  and  condition  surveys,  to  identify  each  distinct  group  of  contiguous 
pavement  slabs  that  display  nearly  identical  material  properties,  dimensions, 
construction  histories,  and  maintenance  practices.  There  are  no  limitations 
on  the  maximum  or  minimum  feature  size;  however,  the  two'  primary  purposes  of 
feature  designations  are  to  1)  provide  "uniform"  pavement  sections  for  ease 
of  analysis,  and  2)  provide  a  convenient  breakdown  of  the  entire  pavement 


system  into  smaller  sections  for  maintenance  and  repair  planning.  This 
suggests  that  features  smaller  than  about  10  slabs  should  be  avoided  to 
reduce  testing  and  analysis  requirements.  Similarly,  large  parking  aprons  or 
entire  runway  widths  seldom  require  maintenance  or  repair  over  the  entire 
surface;  generally  keel  sections  and  aircraft  tiedown  locations  would  receive 
priority  for  repair.  Thus,  the  "use"  of  the  pavement  plays  an  important  role 
in  feature  identification. 

Historically,  the  concept  of  "traffic  area"  has  been  used  in  design  to 
further  subdivide  pavement  features  into  sections  that  not  only  have  similar 
material  properties  design  and  geometries,  but  also  have  consistent  loading 
conditions.  The  designation  of  traffic  areas  has  been  based  on  the  degree  of 
channelization  of  the  traffic  and  whether  the  airplane  is  at  full  mission 
weight  or  not.  In  Figures  3-1  to  3-3,  the  last  character  in  the  feature 
designation  represents  the  traffic  area,  as  currently  stipulated  by  Reference 
6.  These  convenient  designations  have  permitted  reductions  in  the  design  of 
pavement  thicknesses  to  take  advantage  of  the  lateral  distribution  of  traffic 
along  runway  interiors  and  aprons,  and  lower  fuel  loads  along  ladder 
taxiways.  In  addition,  construction  difficulties  are  minimized  by  the 
designation  of  entire  aprons  and  runway  widths  as  single  features.  This 
author  feels,  however,  that  certain  locations,  such  as  alert  parking  areas 
and  taxi lanes  within  large  aprons,  warrant  the  "A"  designation  for  design 
rather  than  "B",  but  these  issues  must  be  resolved  administratively. 

For  purposes  of  evaluation,  however,  the  use  of  current  traffic  area 
designations  must  be  modified  to  more  accurately  reflect  actual  loading 
conditions.  This  will  result  in  a  substantial  increase  in  the  number  of 
features  for  evaluation  than  were  required  for  design,  but  the  speed  with 
which  data  can  be  collected  and  analyzed  with  this  system  completely 


justifies  this  recommendation.  For  parking  aprons,  this  will  mean  further 
subdivisions  for  1)  the  highly  channelized  taxilanes,  2)  the  statically 
loaded  parking  "spots",  and  3)  the  nonloaded  pavement  areas  between  parking 
rows  and  taxilines.  For  runways,  separate  features  must  be  established  for 
the  highly  channelized  areas  surrounding  the  centerline.  This  centerline 
feature  may  only  be  two  slabs  wide  for  the  first  1000  feet,  and  then  expand 
to  a  four  slab  width  for  the  remainder  of  the  runway  interior  to  account  for 
increased  wander.  The  exact  location  of  this  widening  point  will  vary  with 
the  gross  loads  of  the  mission  aircraft  and,  therefore,  can  not  be  fixed  a 
priori.  Observation  of  surface  distress  will  be  the  primary  indicator  of 
proper  feature  change  points  on  runways  as  well  as  aprons. 

Figures  8-2  and  8-3  provide  examples  of  proposed  feature  designations  on 
the  Runway  at  Plattsburgh  AFB  and  SAC  Apron  at  Seymour-Johnson  AFB .  The  "A", 
"B”,  "C" ,  and  "D"  identifiers  used  for  design  have  been  replaced  by  "S",  "T" , 
and  "U"  designations  representing  static,  transient,  and  unloaded  conditions, 
respectively.  These  three  categories  encompass  the  entire  spectrum  of 
loading  conditions  that  are  encountered  and  readily  describe  the  relative 
importance  of  the  feature  in  prioritizing  maintenance  and  repair  work.  When 
used  in  conjunction  with  pavement  thickness,  construction  history,  and 
distress  patterns,  a  realistic  feature  layout  can  be  developed  for  NDT  &  E  of 
an  entire  airfield. 

The  vast  majority  of  features  on  an  airfield  will  receive  either  "T"  or 
"U"  designations,  with  only  those  slabs  actually  supporting  parked  aircraft 
falling  in  the  "S”  category.  Unloaded  or  "U"  features  can,  in  many 
instances,  be  omitted  altogether  from  the  NDT  &  E  program  if  the  potential 
for  their  use  by  aircraft,  now  or  in  the  future,  is  low.  Later  in  this 
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chapter,  the  proper  use  of  pass  per  coverage  ratios  for  each  of  these  feature 
designations  will  be  discussed. 

8.1.2  Random  Sampling  within  Features 

Even  with  the  ability  to  collect  and  analyze  vast  amounts  of  data,  it 
would  be  highly  impractical  in  the  "general”  evaluation  to  test  every  slab  in 
every  feature.  Therefore,  a  sampling  program  must  be  developed  to 
systematically  test  each  feature.  This  sampling  program  must  specify, 
through  the  use  of  statistical  concepts,  the  number  of  slabs  to  be  tested  in 
a  feature  (or  the  number  of  replications)  for  a  given  level  of  desired 
precision.  Since  the  engineer  will  not  likely  have  the  opportunity  to  return 
to  the  site  for  additional  tests,  the  procedure  must  include  a  means  to 
determine  the  number  of  tests  required  based  on  the  previously  established 
variability  of  the  data  being  collected.  The  sampling  program  presented  here 
is  similar  to  the  program  developed  for  the  Pavement  Condition  Index  (PCI) 
methodology  described  in  Reference  69.  Use  of  this  statistical  sampling  plan 
will  reduce  testing  requirements  without  significant  loss  of  accuracy. 

The  number  of  slabs  to  be  tested  in  a  feature  depends  on: 

1.  How  large  an  error  (e)  can  be  tolerated  in  the  estimate  of  the  mean 
(Xg)  of  the  feature  elastic  concrete  modulus  E  (chosen  over  the  subgrade 
reaction  modulus  K  because  of  its  greater  variability). 

2.  The  desired  probably  that  the  estimated  mean  of  E  (Xg)  wm  be 
within  this  limit  of  error  (e),  usually  set  at  95  percent. 

3.  An  estimate  of  the  variation  of  E  from  one  slab  to  another  within 
the  feature,  usually  expressed  as  the  variance  (s^)  or  the  coefficient  of 
variation  (s/Xg). 


4. 


The  total  number  of  slabs  (N)  in  the  feature. 


The  allowable  error  e  must  first  be  expressed  in  terms  of  confidence 
limits.  If  e  is  the  allowable  error  in  estimating  the  mean  elastic  modulus 
(Xg)  of  the  feature,  and  the  desired  probability  that  error  will  not  exceed 
e  is  95  percent,  the  95  percent  confidence  limits,  computed  from  an 
approximately  normally  distributed  sample  mean,  are 

XE  +  2s/n° • 5  (8.1) 

where  n  is  the  number  of  tested  slabs.  Therefore, 

e  =  2s/n05  (8.2) 

Solving  for  the  required  sample  size  n  gives 

n  =  4s2/e2  (8.3) 

This  expression  can  be  used  if  the  total  number  of  slabs  in  the  feature 
is  very  large  (greater  than  1000).  However,  if  the  computed  value  of  n  is 
greater  than  10  percent  of  the  total  number  of  slabs  in  the  feature,  a 
modified  value  n'  (70)  should  be  used: 

n'  =  Ns2/((e2/4)  (N-l)  +  s2)  (8.4) 

Before  Equation  8.4  can  be  used  to  compute  the  required  number  of  slabs 
to  be  tested,  the  total  number  of  slabs  in  the  feature  must  be  estimated,  and 
the  standard  deviation  and  allowable  error  must  be  determined.  From  the 
repeatability  studies  on  backcalculated  FVfD  elastic  modulus  reported  in 
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Chapter  5,  a  coefficient  of  variation  of  about  20  percent  was  found  for 
dynamic  E.  Since  E  values  center  around  5xl06  psi,  the  standard  deviation 
of  E  is  approximately  1.0x10®  psi.  If  an  allowable  error  of  0.5x10®  psi 
is  permitted,  the  maximum  number  of  slabs  to  be  tested  in  a  feature  is 

n  =  4  (1.0)2  /  0.52 
=  16  slabs 

Figure  8-4  was  developed  from  Equation  8.4  to  permit  a  rapid 
determination  of  the  number  of  slabs  to  be  tested,  if  the  total  number  of 
slabs  in  the  feature  has  been  estimated.  Several  alternatives  for  the 
allowable  error,  expressed  as  a  percentage  of  the  mean  (e/Xg),  are 
presented.  A  minimum  of  four  slabs  is  required  for  every  feature.  As 
additional  field  verification  of  this  procedure  takes  place,  more  accurate 
information  on  the  true  variance  of  the  expected  value  of  the  mean  of  E  will 
become  available.  This  will  probably  result  in  a  lower  standard  deviation 
and,  therefore,  a  reduced  testing  requirement.  Basing  the  determination  of 
the  number  of  slabs  to  be  tested  on  the  elastic  modulus  will  insure  that 
modulus  of  subgrade  reaction  values,  which  display  smaller  variances,  are 
determined  with  more  than  adequate  precision. 

The  selection  of  which  slabs  to  test  is  as  important  as  the  number  to 
test.  Not  only  is  a  random  selection  required  to  assure  an  unbiased  estimate 
of  the  K  and  E  parameters,  but  ideally  they  should  be  tested  in  a  random 
order.  Such  a  procedure  would  be  impractical,  however,  increasing  travel 
time  between  test  locations  dramatically.  Therefore,  it  is  recommended  that 


the  testing  sequence  depicted  in  Figure  8-5  be  used  to  systematically  test 
the  required  number  of  slabs.  A  stratified  random  sampling  procedure  is 


recommended.  The  total  number  of  slabs  in  the  feature  (N)  is  divided  by  the 
number  to  be  tested  (n)  to  establish  the  number  of  slabs  skipped  in-between 
tests.  Testing  should  be  accomplished  in  both  directions  along  the  feature 
unless  only  one-directional  movement  of  aircraft  is  allowed  on  the  feature, 
in  which  case  testing  should  proceed  in  that  direction.  Finally,  only  intact 
slabs  should  be  tested,  as  they  are  the  only  slabs  that  can  be  modeled 
relatively  easily  by  the  finite  element  program.  Variation  from  the  testing 
sequence  of  Figure  8-5  by  one  or  two  slabs  to  avoid  broken  slabs  will  not 
affect  the  random  nature  of  the  sequence. 

The  Nose  Dock  Apron  at  Seymour-Johnson  AFB  that  was  chosen  as  an  example 
of  the  NDT  4  E  process  is  shown  in  Figure  8-6.  From  the  observed  usage  of 
the  pavement,  two  features  have  been  identified;  Feature  A20T  carries  the 
aircraft  loadings  while  Feature  A20U  remains  unloaded.  From  Figure  8-4,  6  of 
the  total  of  24  slabs  in  Feature  A20T  are  to  be  tested  at  an  allowable  error 
of  14  percent,  while  Feature  A20U  does  not  require  evaluation.  Figure  8-6 
indicates  which  slabs  were  tested  and  the  crack  pattern  development  for  the 
entire  feature. 

8.1.3  Individual  Slab  Testing 

The  testing  pattern  described  in  Section  3.3.2  and  illustrated  in  Figure 
3-5  was  proven  during  the  field  research  to  be  the  most  efficient  method  of 
testing  the  four  key  stations  on  each  slab.  This  sequence  is  recommended  for 
all  general  network  level  evaluation  testing.  In  addition,  three  drops  of 
the  FWD  should  be  made  at  each  station  from  a  height  that  will  produce  loads 
in  the  24,000-pound  range.  These  three  drops  can  then  be  averaged  by  the 
computer  to  improve  deflection  gauge  sensitivity  and  reduce  testing  error  for 
the  backcalculation  program. 


The  HP-85  computer  software  supplied  with  the  FWD  can  be  programmed  to 
create  a  data  file  for  each  feature  on  the  airfield,  with  the  total  number  of 
slabs  to  be  tested  input  prior  to  starting  each  feature.  In  addition, 
several  other  important  pieces  of  information  can  be  recorded  on  tape  at  this 
time  for  later  use  by  the  mainframe  computer.  These  include  the  installation 
name,  the  feature  designation,  the  transverse  and  longitudinal  slab 
dimensions  and  joint  types,  the  pavement  thickness,  the  date  and  time  of 
testing,  and  any  remarks  about  the  feature  that  may  be  pertinent.  The  air 
temperature  will  also  be  required,  but  is  usually  only  available  from  the 
base  weather  station  or  FAA  Flight  Service  Station  at  the  end  of  each  day, 
and  will  have  to  be  added  to  the  mainframe's  comprehensive  data  file 
separately.  The  taxiline  offset  distance,  the  transverse  offset  distance, 
and  Miner's  past  damage,  which  will  be  discussed  in  Section  8.6,  can  be  input 
to  the  HP-85  at  the  time  of  testing  and  will  be  retained  throughout  the 
evaluation  sequence. 

8.2  Data  Preparation 

The  field  data  collection  program  will  typically  result  in  the 
accumulation  of  over  100  HP-85  data  files  containing  information  on  from  6  to 
22  separate  slabs  and  12  drops  per  slab.  These  files  must  be  transfered  to  a 
mainframe  computer  using  a  terminal  emulation  program  supplied  with  the  FWD. 
Unfortunately,  this  usually  requires  the  somewhat  tedious  task  of 
individually  transfering  each  file,  unless  a  procedure  file  can  be  written  to 
accomplish  the  entire  transfer  automatically.  In  addition,  the  information 
stored  on  the  HP-85  cassette  tapes  is  in  metric  units  and  unformatted,  making 
it  difficult  to  read  the  information  directly  from  the  file. 


To  solve  this  problem,  a  computer  program  REDUCE  was  written  to  create 
new  individual  files  for  each  feature,  with  the  information  formatted  for 
input  into  the  back-calculation  program.  Figures  8-7  and  8-8  ( A— 1 )  provide 
examples  of  raw  and  transformed  data  files,  respectively,  for  Feature  A20T  at 
Seymour-Johnson  AFB .  The  metric  units  are  converted  to  pounds  force  and  mils 
of  deflection,  and  represent  an  average  of  three  drops.  It  then  became  a 
matter  of  adding  the  appropriate  air  temperature  to  each  file,  and  then  using 
file  manipulation  commands  to  combine  the  individual  data  files  into  one 
comprehensive  file  for  the  entire  airfield.  The  geometric  and  environmental 
data  are  listed  only  once  for  each  slab,  opposite  the  first  station's  averaged 
load  and  deflection  values,  followed  by  the  remaining  three  stations'  loads 
and  deflections. 

A  closer  examination  of  Figure  8-8  ( A— 1 )  reveals  several  interesting 
pieces  of  inforration  about  the  slabs  tested  on  Feature  A20T.  The  corner 
position  on  slab  1  exhibits  a  much  higher  deflection  than  other  corners, 
while  the  center  slab  positions  for  slabs  5  and  6  are  unusually  high. 
Finally,  longitudinal  and  transverse  joints  perform  about  the  same  within 
slabs.  These  initial  observations  will  be  tracked  throughout  the  remaining 
analysis  to  determine  their  impact  on  final  results. 

8.3  Back-calculation  of  E,  K,  and  the  Aggregate  Interlock  Factors 

The  back-calculation  of  the  dynamic  elastic  modulus  of  the  concrete  and 
the  dynamic  modulus  of  subgrade  reaction  for  each  slab  is  performed  by  the 
computer  program  BAKCALC  utilizing  the  data  format  shown  in  Figure  8-8  for 
Feature  A20T.  This  program  is  the  first  in  a  series  of  programs  developed  to 
analyze  the  response  of  the  pavement  slab  to  FWD  loads  at  the  key  locations. 
The  program  uses  the  iterative  scheme  described  in  Chapter  5,  and  the 
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ILLI-SLAB  finite  element  program  as  a  subroutine,  to  determine  these  moduli 
values.  These  values  are  reinput  a  final  time  to  compute  the  predicted 
deflections.  Figure  8-9  (A-2)  presents  the  results  of  the  backcalculation 
process  and  compares  measured  with  predicted  deflections  for  Feature  A20T. 
The  deflections  appear  to  be  in  good  agreement,  but  the  unusually  high  center 
slab  deflection  on  slab  5  has  produced  an  extremely  low  E  modulus.  Such  an 
event  generally  indicates  that  testing  has  taken  place  near  a  full  depth 
crack,  and  that  the  results  will  be  unduly  biased.  On  the  whole,  K  values 
are  somewhat  high  for  this  feature  while  E  values  are  consistently  low. 

For  the  most  part,  measured  and  predicted  deflections  will  be  within 
about  2  percent  of  each  other,  particularly  for  the  DO  reading.  In  the  event 
that  the  two  DO  deflections  do  not  agree  within  this  tolerance,  an  error  in 
the  estimation  of  the  pavement  thickness  is  most  probably  to  blame.  When 
this  occurs,  a  trial  and  error  solution  for  the  correct  thickness  can  be 
initiated.  The  correct  value  of  thickness  will  produce  nearly  identical 
values  of  measured  and  predicted  DO's.  This  technique  has  potential  for  the 
NDT  &  E  of  airfields  where  pavement  thickness  information  is  unavailable, 
such  as  COB's  and  captured  airfields. 

Three  other  computer  programs  were  developed,  as  part  of  the  rigid 
pavement  evaluation  process,  to  compare  predicted  and  measured  deflections  at 
the  transverse  joint  (TRANJT) .  longitudinal  joint  (LONGJT) ,  and  corner 
(CORNER)  of  the  slab.  These  programs  utilize  the  backcalculated  moduli  from 
the  center  slab  position,  along  with  the  iterative  solution  for  the  aggregate 
interlock  factor  discussed  in  Chapter  6,  to  provide  the  engineer  with 
supplemental  information  about  the  performance  of  individual  joints  within  a 
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Figures  8-10  (A-3)  through  8-12  (A-5)  illustrate  the  results  from  this 
series  of  programs  for  Feature  A20T.  The  output  shown  in  Figure  8-10  is 
merely  a  recapitulation  of  the  results  from  Figure  8-9,  with  the  addition  of 
the  iterated  aggregate  interlock  factor,  the  predicted  deflections  along  the 
longitudinal  joint,  and  measured  versus  predicted  joint  load  transfer 
efficiencies.  Figure  8-11  (A— 4 )  follows  from  Figure  8-10  (A-3)  for  the 
transverse  joints;  and  finally  ,  Figure  8-12  (A-5)  depicts  the  measured  and 
predicted  deflections  and  load  transfer  efficiencies  for  all  testing 
stations. 

These  computer  -programs  were  designed  to  utilize  center  slab  K  and  E 
values  at  the  joints,  and  then  adjust  the  aggregate  interlock  factor  to  match 
the  measured  and  predicted  load  transfer  efficiencies  to  produce  accurate 
stress  calculations.  Generally,  this  match  is  within  2  percent.  The 
excellent  agreement  between  measured  and  predicted  deflections  at  these  edge 
and  corner  locations  was  demonstrated  in  Chapter  6  for  joints  with  little  or 
no  loss  of  support.  However,  several  examples  were  encountered  at  Sheppard 
AFB  where  predicted  joint  and  corner  deflections  were  well  below  measured 
deflections,  indicating  that  subhaae  or  subgrade  support  has  been  lost.  A 
consistent  pattern  of  this  type,  along  with  some  corner  breaks,  should  alert 
the  engineer  to  the  potential  for  loss  of  support  beneath  the  slab. 
Reference  73  provides  details  in  void  detection  using  the  FWD.  For  Feature 
A20T,  however,  just  the  opposite  is  true;  slabs  5  and  6  display  predicted 
values  much  higher  than  measured  in  Figures  A-3  to  A-5.  This  is  most 
probably  a  direct  result  of  the  very  low  E  modulus  that  was  transferred  from 
the  center  of  the  slab  to  the  edges.  Such  an  artflcially  low  E  value  would 
account  for  the  discrepancy  more  than  slab  curling  in  this  instance. 
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Figure  8-12.  Iterated  Aggregate  Interlock  Factors,  and  Measured  and  Predicted  Deflections 
and  Load  Transfer  Efficiencies  at  the  Slab  Corner 


8.4  Determination  of  the  Critical  Stress  Location  for  Each  Feature 

Up  to  this  point  in  the  evaluation  process,  the  primary  emphasis  has  been 
on  the  determination  of  the  dynamic  E  and  K  moduli.  Once  accomplished,  this 
information  can  be  used  to  perform  critical  stress  computations  for  each 
aircraft  operating  on  a  given  feature.  Therefore,  the  remainder  of  the 
evaluation  becomes  much  like  a  DO  LOOP  in  a  computer  program;  the  process 
returns  to  this  point,  after  completing  remaining  life  calculations  for  one 
aircraft,  to  begin  again  the  prediction  calculations  for  the  next.  It  will 
become  evident  later  in  this  chapter  how  any  mix  of  aircraft  can  be 
accommodated  on  a  single  feature. 

8.4.1  Simplifying  Assumptions 

The  next  major  task  facing  the  engineer  is  the  determination  of  that  one 
key  location  on  each  feature  where  the  critical  stress  is  developed  for  each 
aircraft.  At  first  glance,  this  might  seem  to  be  an  extensive  undertaking, 
but  certain  simplifying  assumptions,  based  on  evidence  presented  earlier, 
reduces  this  task  considerably.  First,  aircraft  do  not  generally  operate 
randomly  over  the  surface  of  a  feature;  they  follow  very  specific  paths 
dictated  by  painted  taxilines.  Second,  the  location  of  this  taxiline  remains 
a  constant  distance  from  the  slab's  longitudinal  joints  throughout  the 
feature.  If  not,  a  new  feature  should  be  designated  where  the  taxiline 
shifts  location.  Third,  the  load  transfer  efficiency  along  transverse  and 
longitudinal  joints  remains  nearly  constant,  as  shown  in  Figures  4-4  through 
4-12.  Finally,  the  critical  tensile  stress  (and  thus  maximum  damage)  in  a 
slab  will  occur  at  a  transverse  joint,  unless  the  gear  travels  within  an 
average  distance  of  about  12  inches  from  the  longitudinal  joint,  in  which 


case  the  critical  stress  is  developed  aidway  between  transverse  joints  along 
the  longitudinal  joint.  Figure  6-2  illustrates  this  phenoaenon. 

8.4.2  Critical  Gear  Position 

These  four  assuaptions  perait  the  engineer  to  make  a  rapid  assessment  of 
the  critical  stress  location  of  the  aircraft  gear  to  produce  the  maximum 
damage  to  the  concrete  slab.  As  illustrated  in  Figure  8-13,  the  coabination 
of  fixed  taxiline  to  longitudinal  joint  distance  and  aircraft  centerline  to 
outside  of  the  gear  distance  firaly  establishes  the  position  of  the  gear 
relative  to  the  longitudinal  Joint.  If  the  gear  is  not  within  about  12 
inches  of  this  joint,  the  point  at  which  it  crosses  the  transverse  joint 
becomes  the  critical  stress  location.  On  25  foot  wide  slabs,  about  92 
percent  of  the  critical  stress  locations  will  occur  at  the  transverse  joint. 

There  will  undoubtedly  be  many  occasions  when  a  particular  slab  width, 
load  transfer  efficiency,  taxiline  location,  and  aircraft  gear  configuration 
combine  to  make  the  critical  stress  location  uncertain.  To  assist  the 
engineer  in  such  an  eventuality,  a  computer  program  called  MAXSTRS  was 
developed,  based  on  the  ILLI-SLAB  finite  element  model,  to  calculate  the 
maximum  tensile  stress  at  the  bottom  of  the  slab  for  any  position  of  the 
gear.  Inputs  to  the  program  include:  the  aircraft  type,  the  slab  dimensions, 
the  backcalculated  K,  E,  and  aggregate  interlock  factors,  and  the  distances 
from  each  joint  to  the  nearest  point  on  the  gear.  The  specified  type  of 
aircraft  automatically  sets  up  the  proper  finite  element  mesh,  and  the  offset 
distances  from  the  joints  specifies  the  gear  position.  Each  potential 
critical  location  for  the  gear  can  then  be  checked  quickly,  including  the 
remote  possibility  that  it  could  lie  in  the  interior  of  the  slab  if  load 
transfer  at  the  joints  is  high  enough  (at- least  95  percent). 
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8.4.3  Effects  of  Nixed  Traffic 

At  this  stage  in  the  evaluation  process,  a  few  comments  on  the  effects  of 
mixed  traffic  will  serve  to  greatly  reduce  or  even  eliminate  repeated  stress 
calculations  for  other  than  the  primary  aircraft  utilizing  the  pavement 
feature.  First,  the  failure  of  a  slab,  defined  as  the  appearance  of  the 
first  load-associated  crack  throughout  this  evaluation  procedure,  begins  at 
only  one  point  on  the  bottom  of  the  slab,  the  point  of  greatest  repeated 
stress  damage.  Second,  this  point  of  greatest  damage  will  usually  occur 
under  the  mean  wander  point  of  the  primary  aircraft  gear.  Third,  unless  the 
wheel  paths  of  two  or  more  aircraft  overlap,  resulting  in  additive  stresses 
at  the  bottom  of  the  slab,  only  the  primary  aircraft  needs  to  be  included  in 
the  evaluation  of  the  feature. 

In  special  instances,  such  as  for  thicker  pavements  and  certain  aircraft 
mixes,  the  actual  point  of  maximum  stress  damage  might  not  be  located 
directly  under  a  wheel  of  either  aircraft.  This  situation  can  be  accomodated 
by  analyzing  the  stress  distribution  of  each  gear  separately  and  then  summing 
the  stresses  to  find  the  point  of  maximum  total  stress.  This  point  then 
becomes  the  location  of  maximum  damage. 

The  final  determination  of  the  critical  aircraft  gear  may  or  may  not 
coincide  with  the  primary  mission  aircraft  for  the  feature.  It  is  entirely 
possible,  for  instance,  that  an  aircraft  producing  high  stress  levels  for  10 
operations  per  day  may  cause  more  accumulated  damage  at  its  gear  mean  wander 
point  than  a  lower  stress  producing  aircraft,  operating  at  100  passes  per 
day.  would  cause  at  some  other  point  on  the  slab.  Generally,  the  critical 
aircraft  for  a  feature  will  be  apparent  from  the  comparison  of  wheel  paths  of 
all  aircraft  using  the  feature,  especially  if  an  analysis  of  the  critical 
stress  has  been  performed  on  other  similar  features.  In  the  event  two  or 


■ore  wheel  path  mean  wander  points  do  coincide.  Miner's  Damage  Law  (71)  must 
be  used  to  account  for  the  cumulative  effects.  This  procedure  will  be 
discussed  in  detail  later  in  this  chapter. 

8.5  Accounting  for  Temperature  and  Past  Traffic  Effects 

As  pointed  out  in  the  previous  section,  the  determination  of  the  critical 
stress  location  for  each  feature  will  generally  result  in  the  identification 
of  a  single  aircraft  upon  which  to  base  the  accumulation  of  damage  at  a 
single  point  in  the  slab,  usually  at  the  transverse  joint.  Before  the 
evaluation  process  continues  with  these  results,  however,  two  additional 
concepts  of  major  significance  must  be  brought  into  the  picture.  The  first, 
temperature  effects,  has  been  shown  to  have  a  tremendous  influence  on  joint 
behavior;  the  second,  the  effects  of  past  traffic,  will  ultimately  impact 
directly  on  the  remaining  life  of  the  feature. 

8.5.1  Traffic  and  Temperature  Distributions 

The  tremendous  variation  of  load  transfer  efficiencies  experienced  by  any 
joint,  over  the  range  of  temperatures  that  joint  is  subjected  to  annually, 
must  be  accounted  for  in  the  cumulative  damage  effects  of  the  critical 
aircraft  gear  load.  It  is  not  sufficient  to  simply  use  an  average  annual 
load  transfer  efficiency  exhibited  by  the  joint  when  calculating  the  maximum 
stress  because  that  stress  is  not  linear  with  temperature  or  load  transfer 
efficiency.  Figure  8-14  typifies  this  relationship.  It  is  possible, 
however,  to  distribute  the  total  annual  traffic  at  an  installation  into 
several  temperatur  zones,  calculate  the  maximum  stress  that  would  be 
generated  by  the  critical  gear  at  the  average  temperature  of  each  zone, 
determine  Miner's  damage  for  that  stress  in  each  zone,  and  then  sum  the 
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damage  for  each  temperature  zone  to  obtain  the  overall  damage  to  the  pavement 


in  a  year's  time.  This  is  the  approach  recommended  in  this  evaluation 
procedure . 

Figure  8-15  shows  a  typical  daily  temperature  log  for  Sheppard  AFB  at  two 
different  times  of  the  year.  Both  patterns  can  be  described  approximately  by 
the  trigonometric  relationship 


TH  -  ((Tmax  -  TBin)/2)  x  Sin( 15  x  (H  -  s )  +  Tavg  (8.5) 

where  TH  =  Temperature  at  any  hour  of  the  day 

Tmax  =  Maximum  daily  temperature,  °F 
Tmin  =  Minimum  daily  temperature,  °F 
H  *  The  hour  of  the  day  from  1  to  24 

s  =  The  number  of  hours,  from  1  to  24,  between  midnight 
and  the  occurrence  of  Tavg 
^avg  =  (Tmax  +  Tmin)/2 


From  this  relationship,  the  temperature  at  any  hour  of  the  day  can  be 
approximated.  If  it  is  assumed  that  the  variable  s  remains  constant 


throughout  the  year,  and  that  TBax  and  T„in  are  relatively  stable  over  an 
entire  month,  then  the  average  temperature  of  each  hour  of  the  year  could  be 
used  to  place  that  hour  into  one  of  12  temperature  zones.  These  zones  were 
established  in  10  °F  widths  from  0  to  100,  with  temperatures  below  0  °F 
and  above  100  °F  each  comprising  a  zone,  as  a  compromise  between  the 


accuracy  of  smaller  intervals  and  the  increased  analysis  effort.  From  the 
total  number  of  hours  in  each  zone,  the  percentage  of  the  total  hours  in  a 
year  falling  within  each  zone  can  easily  be  calculated. 

If  aircraft  operations  are  assumed  to  be  distributed  evenly  throughout 
the  day,  week,  and  year,  the  above  percentages  now  become  the  percentages  of 
aircraft  operations  on  any  feature  within  each  temperature  zone.  Since  the 
load  transfer  efficiency  at  any  joint  can  be  calculated  for  each  temperature 


zone,  the  critical  stress  generated  by  the  primary  aircraft  can  be  calculated 
for  each  of  the  12  temperature  zones  in  which  it  might  operate.  A  computer 
program  called  TRAFDIS  was  written  to  perform  these  calculations,  using  the 
maximum  and  minimum  mean  daily  temperatures  listed  in  Table  8-1  to  produce 
the  distribution  shown  in  Table  8-2  for  Feature  A20T. 

The  three  assumptions  made  in  order  to  complete  this  analysis  do  not 
appear  to  compromise  the  accuracy  of  this  approach.  The  time  of  the  day  at 
which  maximum  and  minimum  temperatures  occur  remains  fairly  constant  from 
month  to  month,  as  indicated  by  Figure  8-15.  The  use  of  readily  available 
monthly  maximum  and  minimum  mean  daily  temperatures  will  obviously  not 
include  those  few  hours  of  each  year  when  temperature  extremes  exist,  but  the 
effect  on  the  total  percentage  of  these  few  hours  is  small.  The  greatest 
critisism  could  be  levied  at  the  assumption  of  evenly  distributed  traffic 
over  time,  especially  for  commercial  airport  operations.  For  military 
airfields,  however,  this  assumption  is  not  unreasonable  based  on  their 
commitment  to  24-hour  readiness.  The  results  of  an  analysis  based  on  even 
distribution  of  traffic  would  probably  lead  to  somewhat  conservative 
estimates  of  remaining  life  since  greater  damage  would  be  accumulated  for 
night  operations  at  colder  temperatures.  If  an  accurate  traffic  distribution 
pattern  could  be  determined  for  a  particular  Installation,  it  certainly  could 
be  incorporated  into  the  computer  scheme  to  provide  a  more  realistic 
analysis . 

8.5.2  Estimating  Past  Traffic  Damage 

The  prediction  of  remaining  structural  life  in  any  pavement  system  must 
begin  with  an  estimate  of  the  past  accumulated  load  damage  based  on  Miner's 
Law,  which  states  that: 


TABLE  8-1.  MAXIMUM  AND  MINIMUM  MEAN  DAILY  TEMPERATURES 
FOR  SEYMOUR- JOHNSON  AIR  FORCE  BASE 


Month 

Mean 

Daily 

Maximum 
(°F ) 

Mean 

Daily 

Minimum 

(°F) 

January 

51 

33 

February 

54 

34 

March 

62 

42 

April 

73 

51 

May 

79 

59 

June 

86 

66 

July 

88 

71 

August 

87 

70 

September 

83 

64 

October 

73 

52 

November 

64 

43 

December 

55 

35 

vl 


» 

rsm#  'St 


TABLE  8-2.  THE  DISTRIBUTION  OF  TOTAL  ANNUAL  TRAFFIC 
WITHIN  EACH  OF  TWELVE  TEMPERATURE  ZONES 

Temperature 

Zone 

Range 

(°F) 

Distribution  of 

Total  Traffic 
(*) 

1 

<  0 

0.0 

2 

0-10 

0.0 

3 

10-20 

0.0 

4 

20-30 

3.1 

5 

30-40 

14.9 

6 

40-50 

20.8 

7 

50-60 

16.7 

8 

60-70 

22.6 

9 

70-80 

16.7 

10 

80-90 

5.2 

11 

90-100 

0.0 
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.  Total  Damage  «  Past  Damage  +  Future  Damage 


=  np/Np  +  nf/Nf  (8.6) 

The  past  damage  can  be  estimated  in  two  different  ways,  depending  on  the 
availability  of  past  traffic  loading  data.  If  adequate  data  are  available, 
then  a  stress  analysis  could  be  conducted  for  each  aircraft  that  has  used  the 
pavement,  taking  into  account  all  of  the  factors  that  influence  stress 
levels.  From  this  extensive  analysis,  a  summation  of  load  damage  can  be  made 
using  Miner's  Damage  Law.  Normally,  however,  records  on  the  movement  of 
aircraft  are  very  inadequate,  particularly  for  taxiways  and  aprons. 
Therefore,  it  is  recommended  that  the  estimate  of  past  damage  be  obtained 
using  existing  load-associated  slab  cracking  information  from  the  current  PCI 
survey.  If  only  load-associated  damage  is  used,  this  technique  will  provide 
a  quick,  reasonable  assessment  of  the  accumulated  damage,  regardless  of  the 
type  and  mix  of  aircraft  that  produced  it.  The  importance  of  the  distress 
survey  now  becomes  even  more  obvious. 

The  estimate  of  past  damage  is  made  by  counting  the  number  of  slabs  in 

V 

the  feature  that  contain  any  of  the  following  distress  types:  corner  breaks, 
longitudinal  and  transverse  cracking,  diagonal  cracking,  or  shattered  slabs. 
This  number  of  distressed  slabs  is  divided  by  the  total  number  of  slabs  in 
the  feature  to  arrive  at  the  percentage  of  cracked  slabs  for  the  feature. 
Since  the  failure  criteria  used  consistently  throughout  this  report  has  been 
SO  percent  of  all  slabs  with  at  least  one  load-associated  crack  dividing  the 
slab  into  two  pieces,  a  percentage  of  cracked  slabs  equalling  50  constitutes 
a  Miner's  damage  of  1.00.  It  then  becomes  simply  a  linear  transformation 
between  the  percent  cracked  slabs  (%CS)  and  Miner's  damage  number  (MDN). 


Expressed  Mathematical ly, 


MDN  =  %CS  x  0.02  (8.7) 

Only  in  those  rare  Instances  when  no  load-associated  cracking  can  be  detected 
within  the  feature  will  an  analysis  of  past  traffic  damage  be  necessary.  In 
these  cases,  the  feature  would  probably  have  been  recently  constructed,  and 
such  an  analysis  would  be  very  feasible. 

Two  points  must  be  emphasized  in  making  this  estimate  of  the  past  damage. 
First,  care  must  be  taken  during  the  initial  counting  of  the  distressed  slabs 
to  avoid  including  slabs  that  have  cracked  from  other  than  load  associated 
causes.  It  is  often  difficult,  for  instance,  to  distinguish  between  a 
longitudinal  crack  caused  primarily  from  load  damage  and  a  crack  caused 
primarily  from  environmental  or  construction  factors.  Many  cracks  are  caused 
by  a  combination  of  load  and  curling,  warping,  and  shrinkage  stresses. 
Cracking  due  to  construction  deficiencies,  such  as  poor  joint  alignment  or 
late  sawing  of  contraction  joints,  must  not  be  counted.  Conversely,  slabs 
that  have  been  replaced  must  be  counted  (unless  over  half  of  the  slabs  have 
been  replaced,  in  which  case  it  becomes  a  new  feature)  as  cracked  slabs  to 
avoid  biasing  the  damage  estimate  for  the  other  slabs.  Good  engineering 
judgement  must  be  used  to  make  this  estimate  because  it  has  such  a  tremendous 
impact  on  the  remaining  life  projection. 

The  second  point  of  interest  is  the  potentially  unconservative  nature  of 
the  final  damage  estimate  from  distress  survey  results.  It  is  entirely 
possible  that,  because  of  the  mechanics  of  crack  propagation,  load  associated 
cracking  may  not  have  quite  reached  the  surface  of  several  slabs  where  it 
could  be  counted.  Thus,  a  feature  could  possibly  exhibit  no  load  associated 


distress  during  the  survey,  and  two  weeks  later  5-10  percent  of  the  slabs 
display  their  initial  crack.  Only  through  the  long-term  Monitoring  programs 
currently  underway  will  trends  of  this  nature  be  discovered.  In  the  interim, 
this  procedure  provides  the  most  reasonable  approach  to  estimating  past 
damage,  certainly  far  better  that  the  only  other  alternative. 

Figure  8-6  contains  the  required  crack  development  pattern  to  make  this 
estimate  of  the  total  accumulated  past  damage.  Of  the  24  slabs  in  the 
feature,  5  contain  a  load  associated  crack.  From  Equation  8.7,  Miner's 
damage  number  for  Feature  A20T  becomes  0.42  and  will  be  used  in  the  remaining 
life  predictions  to  follow. 


8.6  Development  of  the  Final  Evaluation  Data  Base 

Up  to  this  point  in  the  evaluation  process,  several  computer  programs 
have  been  introduced  that  utilize  and  make  additions  to  the  data  base  of 


information  obtained  from  the  field  data  collection  program.  Examples  of 
this  progressive  buildup  of  information  can  be  seen  in  Pigures  8-8  (A-l) 
through  8-12  (A-5).  With  the  supplemental  information  obtained  in  Section 
8-5,  the  stage  has  been  set  for  the  development  of  the  final  data  base  to  be 
used  in  predicting  the  number  of  aircraft  passes  a  given  feature  can 
withstand  in  the  future.  This  section  will  discuss  the  development  of  this 


final  data  base. 


8.6.1  Additional  Feature  Data 

The  analyses  conducted  in  Sections  8-4  and  8-5  have  resulted  in  the 
establishment  of  three  additional  pieces  of  information,  critical  to  the 


evaluation  of  each  feature,  which  must  be  added  to  the  data  base  illustrated 
in  Figure  8-9  (A-2).  The  aggregate  interlock  factors  and  predicted  joint 
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deflections  of  Figures  8-10  (A-3)  through  8-12  (a-5)  will  not  be  required  for 
the  balance  of  the  evaluation  process. 

The  taxiline  offset  distance  is  the  distance  fro*  the  taxiline  of  the 
feature,  either  painted  or  projected,  to  the  closest  longitudinal  joint. 
This  distance  is  used  in  conjunction  with  the  airplane's  configuration  to 
position  the  gear  on  the  slab  for  stress  calculations.  The  transverse  joint 
offset  distance  allows  the  positioning  of  the  gear  at  some  point  other  than 
the  transverse  joint,  if  the  critical  stress  analysis  revealed,  for  instance, 
that  the  maximum  stresses  were  developed  along  the  longitudinal  joint. 

Finally,  the  past,  accumulated,  load-associated  damage,  expressed  as  a 
Miner's  damage  number,  is  added  to  the  data  base  at  this  point  if  it  was  not 
input  to  the  HP-85  computer  during  the  field  testing.  A  simple  computer 
program  MODIFY  has  been  written  to  generate  the  file  shown  in  Figure  8-16 
(A-6) . 

8.6.2  Aggregate  Interlock  Factors  for  Each  Temperature  Zone 

The  dependence  of  the  critical  stress  on  air  temperature,  and,  hence, 
load  transfer  efficiency,  requires  that  the  maximum  tensile  stress  at  the 
bottom  of  the  slab  be  calculated  for  each  of  the  12  temperature  zones.  To 
accomplish  this,  aggregate  interlock  factors  must  be  determined  for  each  zone 
at  both  longitudinal  and  transverse  joints  for  inclusion  into  the  ILLI-SLAB 
program.  Thus  24  aggregate  Interlock  factors  must  be  iterated  for  each  slab 
tested.  Fortunately,  the  computer  program  AIFCALC  performs  these 
calculations  quickly  and  efficiently. 

AIFCALC  uses  the  modified  field  data  file  shown  in  Figure  8-16  (A-6)  to 
generate  the  condensed  file  shown  in  Figure  8-17  (A-7).  All  of  the  FWD 
deflection  information  has  been  purged,  and  only  the  pertinent  slab  and 
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feature  information  needed  for  the  final  computer  program  has  been  retained. 
Aggregate  interlock  factors  are  now  included  for  each  slab. 

AIFCALC  makes  two  assumptions  in  determining  these  aggregate  interlock 
factors.  First,  load  transfer  efficiencies  below  25  percent  are  elevated  to 
25  percent  to  avoid  exceeding  the  precision  capability  of  the  computer  when 
slopes  of  lines  near  zero  are  encountered.  Similarly,  load  transfer 
efficiencies  above  95  percent  are  automatically  assigned  an  aggregate 
interlock  value  of  30  x  10®  to  avoid  much  the  same  problem  that  exists  at 
the  lower  values.  Secondly,  the  program  assumes  that  load  transfer 
efficiencies  below  25  percent  and  above  95  percent,  as  measured  in  the  field, 
have  just  reached  these  values  at  the  time  of  measurement.  Otherwise,  no 
prediction  of  their  behavior  with  temperature  could  be  made.  The  only 
alternative  to  this  assumption  would  be  a  retesting  of  the  slab  joint  at 
another  time  to  obtain  a  load  transfer  efficiency  between  25  and  95  percent. 
Fortunately,  this  situation  does  not  arise  often  if  testing  is  accomplished 
between  40  and  85  °F. 

8.7  Predicting  the  Remaining  Life 

The  development  of  the  data  base  illustrated  in  Figure  8-17  (A— 7 )  has 
provided  the  foundation  upon  which  the  remaining  structural  life  of  each 
pavement  feature  can  be  evaluated.  The  following  discussion  outlines  the 
internal  processes  of  the  computer  programs  DAMAGE,  which  calculates  the 
amount  of  damage  caused  by  one  coverage  of  an  aircraft,  and  REMLIFE,  which 
computes  the  remaining  passes  for  one  or  more  aircraft.  In  addition, 
justification  is  provided  for  the  use  of  new  pass-coverage  ratios. 
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8.7.1  Reporting  Format 
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As  described  earlier,  the  evaluation  of  most  airfield  pavement  features 
will  involve  only  one  aircraft,  the  one  producing  the  most  damage  to  a  single 
location  on  the  slab.  However,  in  the  event  that  two  or  more  aircraft  shared 
the  same  wheel  paths  at  some  point  on  the  slab,  a  reporting  format  had  to  be 
devised  that  would  permit  the  handling  of  mixed  traffic  conditions.  In 
addition,  the  final  presentation  of  results  had  to  be  meaningful  to 
Operations  personnel  by  presenting  alternative  gross  weight  and  pass  level 
combinations  for  maximum  utilization  of  critical  airfield  facilities  and 
advanced  planning  of  maintenance  and  repair  requirements.  These 
considerations  guided  the  development  of  the  DAMAGE  program,  and  led  to  the 
decision  to  report  Miner's  future  damage  number  as  a  separate  output  for  each 
aircraft.  The  total  remaining  passes  for  each  of  six  gross  weight  categories 
could  then  be  calculated  by  a  program  called  REMLIFE,  which  combines  damage 
results  for  any  mix  of  aircraft,  calculates  the  remaining  coverages,  and 
applies  appropriate  pass-to-coverage  ratios  to  arrive  at  the  final 
evaluation.  The  gross  weight  categories  are  based  on  percentages  of  the 
maximum  gross  weight  of  the  aircraft  and  range  from  50  to  100  percent  in  10 
percent  increments. 


8.7.2  The  Calculation  of  Future  Damage 

The  data  presented  in  Figure  8-18  (A-8)  constitutes  all  of  the 

information  required  by  the  computer  program  DAMAGE  to  calculate  the 
allowable  future  damage  for  any  aircraft.  This  figure  is  identical  to  Figure 
8-17  (A-7 ) ,  except  two  lines  of  information  have  been  added.  The  first  line 
specifies  the  aircraft  type,  the  appropriate  pass  to  coverage  ratio,  and  the 
proportion  of  the  total  mix  for  that  aircraft  type.  The  second  line  provides 
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the  percentage  of  traffic  falling  within  each  temperature  zone  at  the 
particular  installation.  To  perform  the  evaluation  for  another  aircraft, 
only  the  first  line  needs  revision.  The  specific  information  regarding  each 
slab  tested  and  the  traffic  distribution  remains  valid  throughout  subsequent 
evaluations . 

The  DAMAGE  program  reads  the  slab  dimensions,  backcalculated  moduli,  and 
aggregate  interlock  factors  for  the  first  temperature  zone  to  calculate  the 
maximum  stress  generated  by  the  specified  aircraft,  with  adjustments  to  the 
dynamic  K  moduli  for  static  loading  conditions  using  Equation  7.4,  if 
necessary.  This  stress  is  used  as  the  basis  for  determining  the  stress  in 
each  of  the  six  gross  weight  categories.  For  example,  an  aircraft  loaded  at 
80  percent  of  its  gross  weight  will  produce  a  stress  at  the  bottom  of  the 
slab  equal  to  80  percent  of  the  stress  produced  at  its  maximum  gross  weight. 

The  flexural  strength  of  the  concrete  is  then  determined  by  Equation  7.3 
using  the  backcalculated  modulus  of  elasticity,  adjusted  for  traffic  area. 
When  divided  by  the  calculated  stress  for  each  gross  weight  category,  the 
"evaluation  factor"  for  each  category  is  established.  Equation  7.5  then 
relates  the  "evaluation  factor"  to  the  number  of  coverages  that  can  be 
expected  for  each  gross  weight  category  in  the  first  temperature  zone.  Next, 
the  damage  caused  by  one  coverage  of  the  aircraft  is  distributed  among  the 
temperature  zones  according  to  the  percentage  of  total  aircraft  operations 
occurring  in  each  zone.  Finally,  this  entire  process  is  repeated  for  each  of 
the  12  temperature  zones,  and  the  damage  from  each  zone  is  summed  to  provide 
the  total  damage  resulting  from  one  coverage  of  the  aircraft  in  each  gross 
weight  category.  Figure  8-19  (A-9)  illustrates  the  output  product  from 
DAMAGE,  the  damage  number  for  one  coverage  on  Slab  No.  1  of  Feature  A20T. 


8.7.3  Relating  Future  Damage  to  Remaining  Coverages 

From  the  calculation  of  the  damage  caused  by  just  one  coverage  of  the 
specified  aircraft,  it  remains  only  a  simple  procedure  to  calculate  the 
remaining  coverages  to  initial  crack  failure.  REMLIFE  calculates  the  future 
damage  allowed  for  one  coverage  of  the  aircraft  by  subtracting  the  past 
damage  from  a  total  permitted  Miner's  damage  of  1.0.  The  remaining  coverage 
level  for  each  gross  weight  category  is  simply  the  total  future  damage 
divided  by  the  total  damage  for  one  coverage  of  the  aircraft.  This  entire 
process  is  then  repeated  for  every  slab  tested. 

8.7.4  Pass  per  Coverage  Ratios 

The  rationale  behind  the  development  of  the  coverages  concept  was 
discussed  earlier  in  Section  7.3.2.  Unfortunately,  this  convenient  method  of 
applying  stress  repetitions  to  a  pavement  slab  during  full-scale  testing  does 
not  lend  itself  to  a  convenient  method  of  accounting  for  aircraft  operations. 

Brown  and  Thompson  (12)  documented  the  background,  development,  and 
application  of  the  current  procedure  for  converting  coverages  to  passes,  and 
provided  a  limited  amount  of  data  upon  which  the  current  P-C  ratios,  still  in 
use  by  many  agencies,  are  based.  These  data  were  collected  at  several  Air 
Force  bases  in  1956  and  I960,  using  B-47,  KC-97,  B-52,  and  KC-135  aircraft. 
Approximately  1176  observations  of  aircraft  taxi,  takeoff,  and  landing 
operations  were  made  at  1000,  2000,  and  5000  foot  points  on  runways,  and 
along  curved  portions  of  taxiways. 

The  primary  result  of  the  study  was  a  method  to  calculate  P-C  ratios 
based  on  a  channelized  traffic  wander  width  of  70  inches  and  a  nonchannel i zed 
wander  width  of  140  inches.  Recognizing  that  the  lateral  distribution  was 


continuously  changing  along  the  runway  for  each  aircraft,  the  above  wander 
widths  were  arbitrarily  established  for  design  purposes. 

In  1975,  the  FAA  sponsored  an  extensive  research  effort  by  HoSang  (72)  to 
determine  realistic  lateral  distribution  patterns  for  commercial  aircraft 
traffic  at  civil  airports.  Data  were  collected  at  nine  airports  representing 
a  wide  range  of  operating  and  environmental  conditions.  Over  10,000 
observations  of  lateral  distribution  were  made  at  three  runway  locations  and 
on  parallel  and  high  speed  taxiways. 

The  results  of  this  study,  presented  in  Figure  8-20,  verified  the  P-C 
ratio  calculation  procedures  developed  by  Brown  and  Thompson,  but  also 
provided  lateral  distribution  characteristics  more  representative  of  today's 
aircraft  operations.  Particularly  noteworthy  is  the  fact  that,  for  all 
practical  purposes,  the  standard  deviations  along  the  entire  length  of 
runways  and  taxiways  can  be  assumed  constant.  On  runways,  some  additional 
wander  was  evident  at  the  point  of  rotation,  but  generally  speaking,  a 
standard  deviation  of  6.5  feet  is  representative  of  the  entire  length.  On 
taxiways  and  apron  taxilanes,  a  standard  deviation  of  3.0  feet  is  typical. 
The  vast  amount  of  data  collected  and  the  instrumentation  utilized  make  this 
report  extremely  valuable  in  the  pavement  evaluation  process.  The  P-C  ratios 
presented  in  Table  8-3  were  developed  from  the  recommendations  in  Reference 
72  and  allow  the  user  to  select  values  that  are  appropriate  for  a  given 
situation.  The  average  P-C  ratios  stated  above  are  used  in  the  REMLIFE 
computer  program. 

8.7.5  The  Final  Evaluation 

The  last  step  performed  by  REMLIFE  in  the  evaluation  for  a  single 
aircraft  is  the  application  of  the  aircraft's  P-C  ratios  to  the  calculated 
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TABLE  8-3.  PASS  PER  COVERAGE  RATIOS  FOR  SELECTED  AIRCRAFT  AT  VARIOUS 
STANDARD  DEVIATIONS  OF  WANDER  WIDTH  FOR  RIGID  PAVEMENTS 

Wander  Width  Standard  Deviations 


Aircraft  123456789 

(ft.) 


F-4 

3 

CM 

6 

CO 

10 

.26 

13 

.67 

17. 

06 

20. 

26 

22. 

92 

24. 

67 

25 

.24 

A-10 

4. 

,78 

9 

.55 

14, 

.32 

19 

.10 

23. 

81 

28. 

15 

31 . 

58 

33. 

54 

33. 

95 

F-15 

3. 

.54 

7 

.08 

10 

.62 

14 

.15 

17. 

55 

20. 

43 

22. 

26 

22. 

75 

23 

.  16 

F-16 

4. 

.56 

9 

.11 

13 

,13 

14 

.57 

15. 

38 

16. 

84 

18. 

59 

20. 

50 

22 

.50 

T-38 

7. 

.72 

15 

.43 

23 

.10 

29 

.95 

33. 

84 

34. 

56 

36. 

25 

38. 

66 

41 . 

.48 

F-lll 

1. 

.99 

3 

.98 

5 

.95 

7 

.57 

8. 

21 

8. 

46 

9. 

69 

10. 

46 

11. 

29 

C-130 

0. 

.85 

1 

.71 

2 

.56 

3 

.41 

4. 

20 

4. 

79 

5. 

04 

5. 

11 

5. 

.28 

DC-9 

2. 

.24 

3 

.00 

4. 

.17 

5 

.41 

6. 

65 

7. 

75 

8. 

54 

8. 

89 

8 

.97 

B737 

2 

.45 

3 

.14 

4 

.20 

5 

.37 

6. 

56 

7. 

66 

8. 

50 

8. 

94 

9 

.03 

B727 

2 

.17 

2 

.99 

3 

.76 

4 

.72 

5. 

72 

6. 

70 

7. 

54 

8. 

14 

8. 

.41 

C-141 

1 

.16 

1 

.50 

1 

.98 

2 

.53 

3. 

09 

3. 

61 

4. 

02 

4. 

26 

4 

.31 

KC135 

1, 

.10 

1 

.48 

1 

.89 

2 

.39 

2. 

91 

3. 

44 

3. 

95 

4. 

41 

4. 

77 

C5 

0 

.83 

1 

.31 

1 

.39 

1 

.52 

1. 

72 

1. 

94 

2. 

17 

2. 

2 

.61 

DC10 

1 

.00 

1 

.80 

1 

.98 

2 

.33 

2. 

76 

3. 

21 

3. 

67 

4. 

14 

4. 

.62 

L1011 

1 

1 

.78 

1 

.97 

2 

.34 

2. 

77 

3. 

23 

3. 

.71 

4. 

19 

4 

.67 

E4 

1 

1 

.53 

1 

.81 

2 

.14 

2. 

33 

2. 

2. 

43 

2. 

45 

2. 

,46 

B52* 

0 

.55 

0 

.75 

n 

.95 

1 

.16 

1. 

29 

1. 

31 

1. 

37 

1. 

45 

1. 

.54 

*  These  pass-coverage  ratios  are  one-half  of  the  values  calculated 
by  the  program  to  account  for  the  large  distance  between  the 
bicycle  gears. 


coverage  level  for  each  gross  weight  category. 


This  produces  the  predicted 


number  of  aircraft  passes  remaining  in  each  slab  until  initial  crack  failure 
occurs.  It  remains  for  the  engineer,  however,  to  condense  these  individual 
slab  predictions  into  a  single  prediction  for  the  entire  feature. 

In  Figure  8-21  (A-10),  a  typical  output  for  the  C-141  is  illustrated  for 
Feature  A20T.  A  second  aircraft  labeled  "dummy"  is  included  to  indicate  that 
only  one  aircraft  is  being  evaluated  for  the  feature  It  is  interesting  to 
note  that  the  very  low  E  and  k  values  for  slabs  5  and  6  in  Figure  A-10  have 
apparently  been  offset  for  the  most  part  by  the  very  high  load  transfer 
efficiencies  shown  in  Figure  8-12  (A-5).  The  end  result  is  a  remaining  life 
prediction  very  similar  to  the  other  slabs  tested. 

Ideally,  a  "representative"  slab  could  have  been  developed  for  the 
evaluation  of  each  feature  by  averaging  FWD  deflections  and  backcalculat ing 
an  overall  E  and  k  for  the  feature.  In  fact,  this  technique  was  shown  as  a 
part  of  this  research  to  produce  results  that  agree  precisely  with 
backcalculated  E  and  k  values  obtained  for  each  slab  and  then  averaged  for 
the  entire  feature.  The  savings  in  computer  processing  time  is  substantial, 
and  such  a  procedure  is  recommended  if  only  E  and  k  values  are  desired  from 
FWD  deflections. 

When  the  evaluation  process  is  extended  to  remaining  life  projections, 
however,  the  "representative"  slab  concept  will  not  work.  The  required 
average  load  transfer  efficiency  for  each  joint  in  such  a  "representative" 
slab  would  not  accurately  reflect  the  increased  stresses  that  develop  as 
joints  open  in  colder  temperatures.  Therefore,  each  slab  must  be  evaluated 
separately  for  remaining  passes  to  failure,  and  then  an  average  remaining 
pass  level  for  the  feature  can  be  determined  easily. 


The  evaluation  of  the  feature  for  a  mix  of  aircraft  requires  an 
additional  step  in  the  REMLIFE  program.  The  DAMAGE  outputs  for  each  aircraft 
must  be  combined  in  a  specific  manner  for  each  gross  weight  category  and  slab 
to  determine  the  total  damage  from  the  assumed  traffic.  The  pass-coverage 
ratio  for  each  aircraft  and  the  proportion  of  each  aircraft  in  the  total 
number  of  operations  are  utilized  to  solve  the  following  two  sets  of 
equations  simultaneously. 

(RPa/PCa  X  DMGa)  +  (RPb/PCb  X  DMGb)  =  RMDN  (8.8) 

where  RPA  =  Remaining  passes  for  Aircraft  A 

PCA  =  Pass-coverage  ratio  for  Aircraft  A 
DMGa  =  Damage  for  1  coverage  of  Aircraft  A 
RPb  =  Remaining  passes  for  Aircraft  B 
PC B  =  Pass-coverage  ratio  for  Aircraft  B 
DMGb  =  Damage  for  1  coverage  of  Aircraft  B 
RMDN  =  Remaining  Miner ' s  Damage 

and 

RPA/(RPA  +  RPB)  =  MPA  (8.9) 

where  MPA  =  Proportion  of  total  operations  for 
Aircraft  A 

The  result  is  an  allowable  number  of  passes  for  each  aircraft,  for  that 
particular  gross  weight  category  and  slab,  that  meet  the  assumed  mix 
proportions.  Figures  8-22  (A-ll)  and  8-23  (A-12)  show  separate  inputs  that 
have  been  developed  for  a  mix  of  C-141  and  KC-135  traffic  on  Feature  A20T. 
Each  aircraft  is  input  into  DAMAGE  to  produce  Figures  8-24  (A-13)  and  8-25 
(A-14).  REMLIFE  then  combines  these  two  outputs,  using  the  assigned  P-C 
ratios  and  mix  proportions,  to  generate  the  final  product  shown  in  Figure 
8-26  (A-15). 

The  present  capabilities  of  the  REMLIFE  program  will  permit  any  mix  of 
aircraft,  but  the  gross  weight  categories  cannot  be  combined.  In  other 


words,  it  is  not  possible  at  this  point  to  determine  the  remaining  life  of  a 
pavement  experiencing  40  percent  C-141  traffic  at  80  percent  of  maximum  gross 
weight,  and  60  percent  KC-135  traffic  at  90  percent  gross  weight.  The 
results  must  be  expressed  for  either  80  percent  or  90  percent  maximum  gross 
weight  but  not  a  combination  of  both. 

8.8  Sensitivity  of  Results 

A  sensitivity  analysis  of  remaining  passes  in  a  slab  or  feature  must 
necessarily  be  limited  to  those  parameters  which  are  "controlled"  by  the 
engineer,  including  the  aircraft  type,  the  P-C  ratio,  Miner's  past  damage, 
and  the  mix  proportions.  The  classical  approach  to  a  sensitivity  analysis, 
examining  the  effects  of  thickness,  E,  k,  or  load  transfer,  is  not  possible 
because  the  NDT  &  E  system  depends  on  actual  field  measurements  of  FWD  loads 
and  deflections  on  existing  slabs.  The  response  of  the  slab  to  load  is  fixed 
by  the  conditions  at  the  time  of  the  test.  The  following  paragraphs, 
however,  will  examine  those  parameters  which  are  variable  to  determine  their 
effect  on  remaining  passes. 

The  effect  of  aircraft  type  on  the  remaining  life  of  Feature  A20T,  slab 
1,  is  presented  in  Figure  8-27  for  several  aircraft.  As  might  be  expected, 
significant  differences  exist  between  aircraft,  and  these  differences  are 
directly  linked  to  the  amount  of  damage  imparted  to  the  slab.  The  F-15  can 
operate  on  the  feature  almost  without  limit,  while  the  B-52  would  cause 
severe  damage  within  a  short  period.  This  method  of  presenting  remaining 
life  predictions  vividly  illustrates  to  airfield  management  the  impact  of 
operating  each  aircraft  type  on  the  feature. 

The  effect  of  the  selected  pass  to  coverage  ratio  is  shown  in  Figure  8-28 
for  the  C-141  on  slab  1  of  Feature  A20T.  Since  the  remaining  coverage  levels 
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Figure  8-27.  The  Effect  of  Aircraft  Type  on  the  Remaining 
Life  of  Feature  A20T 
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Figure  8-28.  The  Effect  of  Pass  to  Coverage  Ratio  on  Remaining 
Structural  Life  for  the  C-141  Aircraft 


for  the  slab  are  constant  for  a  given  aircraft  at  various  percents  of  gross 
weight,  the  parallel  nature  of  the  curves  is  expected.  This  figure  does 
serve  to  highlight  the  importance,  however,  of  properly  choosing  the  P-C 
ratio  for  a  realistic  estimate  of  remaining  structural  life. 


Figure  8-29  illustrates  the  impact  that  Miner's  past  damage  estimate  has 
on  the  remaining  structural  life  of  a  slab.  Approximately  one  order  of 
magnitude  additional  passes  are  available  from  a  feature  with  no  visible 
damage  than  from  a  feature  in  which  45  percent  of  the  slabs  contain  a  load 
associated  crack.  This  simple  analysis,  however,  assumes  that  the  same 
pavement  response  to  FWD  loading  would  have  resulted  regardless  of  the 
feature's  condition,  an  assumption  that  probably  is  not  valid  over  a  wide 
range  of  condition. 

Finally,  one  of  the  more  interesting  comparisons  is  that  of  different 
proportions  of  mixed  traffic.  Figure  8-30  depicts  the  total  available 
operations  of  the  C-141  and  KC-135  on  Feature  A20T  for  the  entire  range  of 
mix  proportions  available.  The  significantly  greater  damage  caused  by  the 
C-141  is  reflected  by  the  curvature  of  the  lines.  Increased  operations  of 
C-141  aircraft  comes  at  a  tremendous  reduction  in  available  operations  of 
both  aircraft,  a  tradeoff  that  airfield  management  might  not  be  willing  to 
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Figure  8-29,  The  Effect  of  Miner's  Damage  Number  on  the  Remaining 
Structural  Life  of  Feature  A20T 
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CHAPTER  9 


SUMMARY,  CONCLUSIONS.  AND  NEEDED  RESEARCH 

Throughout  the  course  of  this  research  effort,  numerous  findings  and 
areas  requiring  further  investigation  were  uncovered,  as  is  the  case  in  most 
major  studies.  This  chapter  begins  with  a  brief  summary  of  the  data 
collection  and  analyses,  recaps  the  major  findings  and  conclusions,  and  then 
presents  specific  suggestions  for  further  research  and  improvement  of  this 
work. 

9 . 1  Summary  of  the  Research 

This  research  project  began  with  the  intention  of  developing  the  concepts 
necessary  for  a  complete  nondestructive  testing  and  evaluation  system  for 
rigid  airfield  pavements  that  was  capable  of  testing  and  analyzing  the  many 
distinct  features  that  typically  exist  on  modern  commercial  and  military 
airfields.  Past  destructive  methodologies  and  present  elastic  layered 
analysis  procedures  are  not  capable  of  assessing  the  true  impact  of  aircraft 
operations  at  rigid  pavement  joints  under  a  variety  of  temperature 
conditions.  After  an  extensive  review  of  presently  available  NDT  equipment 
and  mechanistic  models,  the  Dynatest  Model  8000  Falling  Weight  Deflectometer 
and  the  ILLI-SLAB  finite  element  program  were  chosen  for  their  tremendous 
versatility.  To  collect  the  field  data  necessary  for  system  development, 
three  Air  Force  installations  were  selected  for  testing,  and  the  Army's 
Waterways  Experiment  Station  was  requested  to  collect  the  FWD  data. 

Testing  initially  centered  around  the  establishment  of  FWD  load  and 
deflection  measurement  repeatability  under  constant  and  changing  temperature 
conditions.  Testing  patterns  were  developed  for  specific  situations  that 


eventually  would  lead  to  the  most  efficient  pattern  for  large-scale  data 
collection.  With  a  high  degree  of  repeatability  demonstrated  for  center  slab 
testing,  efforts  turned  toward  the  determination  of  joint  behavior  under 
various  tempeature  conditions.  The  consistency  of  load  transfer  efficiencies 
along  the  entire  length  of  transverse  and  longitudinal  joints  was 
investigated,  and  the  effect  of  load  magnitude  used  to  measure  load  transfer 
efficiency  was  established.  Finally,  the  effect  of  temperature  on  load 
transfer  efficiency  was  studied  extensively  for  a  variety  of  slab 
thicknesses,  temperature  conditions,  and  load  transfer  mechanisms.  This 
effort  resulted  in  analytical  models  that  predict  the  load  transfer 
efficiency  of  a  joint  at  any  temperature.  , 

The  research  next  moved  into  the  development  of  a  computerized  scheme  to 
backcalculate  the  concrete  elastic  modulus  and  the  modulus  of  subgrade 
reaction.  The  scheme  utilizes  the  ILLI-SLAB  finite  element  model  as  a 
subroutine  to  iterate  these  values  which  are  then  used  to  compare  measured 
and  predicted  center  slab  deflections.  Repeatability  of  backcalculated 
moduli  under  constant  and  changing  temperature  conditions  was  also 
Investigated.  These  moduli  values  were  then  transferred  to  the  joints,  and 
an  iterative  solution  for  appropriate  aggregate  interlock  factors  was  devised 
to  compare  measured  and  predicted  deflections  and  load  transfer  efficiencies 
across  joints.  From  the  E,  k,  and  aggregate  interlock  factor,  the  critical 
stress  under  an  aircraft  gear  could  be  calculated  using  ILLI-SLAB. 

The  next  phase  of  the  research  related  the  critical  stress  developed  at 
the  bottom  of  the  slab  to  the  performance  that  should  be  expected  from  that 
slab  in  the  future.  This  was  done  by  reanalyzing  the  accelerated,  full-scale 
traffic  test  data  collected  by  the  Corps  of  Engineers  over  a  30-year  period. 
ILLI-SLAB  was  used  to  estimate  stress  levels  that  existed  under  the 


load  carts  used  in  the  tests,  which  was  then  combined  with  reported  flexural 


strengths  to  develop  the  transfer  function  needed  to  make  the  remaining 
structural  life  predictions.  In  the  process  of  development  of  this  transfer 
function,  correlations  were  established  that  allowed  the  determination  of 
concrete  flexural  strengths  from  backcalculated  concrete  elastic  moduli,  and 
that  permit  the  analysis  of  pavement  features  subjected  to  static  loading 
conditions . 

In  an  effort  to  apply  these  analysis  techniques  to  actual  rigid  pavement 
systems,  new  concepts  for  identifying  airfield  features  were  presented  that 
reflected  the  true  nature  of  the  loading  conditions,  and  techniques  were 
provided  for  statistically  determining  the  number  and  sequence  of  slabs  to  be 
tested  in  each  feature.  The  assessment  of  the  maximum  damage  location  for 
each  feature  was  facilitated  by  the  development  of  an  ILL I -SLAB -based 
computer  program  that  automatically  positions  the  gear  and  generates  the 
proper  loaded  areas  given  the  aircraft  type  and  the  distances  to  the  joints. 
Each  aircraft  utilizing  the  feature  can  then  be  checked  quickly  to  determine 
which  one  or  combination  of  aircraft  produces  the  greatest  stress  in  the 
slab. 

The  influence  of  temperature  in  generating  these  stresses  was  accomodated 
by  distributing  the  total  annual  aircraft  operations  into  twelve  temperature 
zones  and  then  calculating  the  Miner's  damage  produced  in  each  zone.  The 
damage  in  each  zone  is  weighted  by-  the  percent  of  traffic  in  that  zone  and 
then  summed  to  obtain  the  total  damage  for  one  aircraft  coverage.  When 
combined  with  estimates  of  the  total  past  accumulated  damage  based  on 
distress  survey  results,  the  remaining  number  of  coverages  to  50  percent 
cracked  slabs  can  be  calculated.  Finally,  more  realistic  aircraft  wander 
patterns  were  incorporated  into  the  analysis  in  the  fora  of  pass  to  coverage 
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ratios  to  determine  the  regaining  structural  life  in  terms  of  aircraft 
operations.  The  final  reporting  foraat  will  handle  any  assuaed  proportion  of 
aaxiaua  mage-producing  aircraft. 

9.2  Findings  and  Conclusions 

The  following  specific  report  findings  are  presented  as  a  concise  summary 
of  those  contained  throughout  the  text . 

1.  The  falling  weight  def lectoaeter  (FWD)  is  capable  of  reproducing 
center  slab  load  and  deflection  aeasureaents  with  coefficients  of  variation 
of  one  and  four  percent,  respectively,  at  load  levels  above  23,000  lbf  and 
teaperatures  above  40  °F.  Temperatures  below  this  level  result  in  a 
stiffening  of  the  buffer  system  and  subsequently  higher  load  aeasureaents. 
Deflection  aeasureaents  do  not  appear  to  be  significantly  affected  by 
temperature  extremes. 

2.  Joint  load  transfer  aeasureaents  indicated  that  efficiencies  are 
independent  of  load  magnitude  between  7000  and  25,000  lbf,  providing  a  basis 
froa  which  to  extrapolate  load  transfer  efficiencies  under  actual  gear  loads. 

3.  Directional  effects  of  traffic  on  load  transfer  efficiency  of  joints 
is  not  significant  on  airfield  paveaents,  and  aircraft  wander  about 
centerlines  and  taxilines  is  great  enough  to  ainiaize  localized  differences 
in  load . transfer  efficiencies  along  the  edge  of  a  slab. 

4.  Significant  increases  in  joint  performance  accoapany  air  and 
paveaent  temperature  increases,  and  this  behavior  can  be  described 
aatheaatically  for  either  by  S-shaped  curves  between  efficiencies  of  25  and 
100  percent.  The  type  of  load  transfer  aechanisa  affects  the  slope  of  this 


5.  The  deflection  basin  created  and  measured  by  the  seven  sensor  FWD 
defines  a  unique  combination  of  concrete  stiffness  (E)  and  subgrade  reaction 
modulus  (k)  that  can  be  used  by  the  ILLI-SLAB  finite  element  model  to 
accurately  predict  deflections  under  rapid  loading  conditions.  These  moduli 
can  be  backcalculated  by  the  computer  to  eliminate  interpolation  errors 
prevalent  in  the  labor-intensive  manual  graphical  procedures. 

6.  For  interior  loading  conditions,  no  apparent  relationship  exists 
between  the  magnitude  of  load  and  backcalculated  k,  at  least  within  the  load 
range  of  7-25  kips.  The  hefty  nature  of  the  slabs  tested  and  the  load  levels 
used,  however,  may  have  precluded  the  appearance  of  any  stress  dependency. 
Prototype  loads  at  joints  and  corners  may  very  well  display  stress-dependent 
tendencies.  Backcalculated  k  values  exhibit  coefficients  of  variation  around 
8  percent  at  constant  as  well  as  changing  temperatures,  indicating  that 
temperature  does  not  significantly  affect  k. 

7.  Consistently  higher  and  often  unrealistic  E  values  are 
backcalculated  for  load  levels  at  the  lower  range  of  the  FWD  (7-8  kips). 
Greater  consistency  is  available  at  the  higher  load  levels.  Over  a  wide 
range  of  temperatures,  E  values  measured  at  higher  load  levels  display 
coefficients  of  variation  around  12  percent,  about  4  percent  higher  than  for 
the  constant  temperature  case. 

8.  Slab  size  can  significantly  affect  the  interior  stresses  developed 
under  aircraft  loadings,  particularly  for  thinner  pavements.  ■ Maximum  tensile 
stresses  increase  significantly  as  the  gear  load  approaches  the  free  edge  of 
a  slab. 

9.  A  given  aggregate  interlock  factor,  used  by  ILLI-SLAB  to  model  joint 
efficiency,  can  produce  a  wide  range  of  load  transfer  efficiencies  depending 
on  slab  thickness,  E,  and  k.  Backcalculated  center  slab  E  and  k  can  be  used 
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to  iterate  the  aggregate  interlock  factor  that  will  produce  reasonable 
predictions  of  FWD  deflections  across  joints.  The  measured  deflections  agree 
very  well  with  predicted  deflections  using  backcalculated  k  and  E  (from 
center  slab)  and  measured  load  transfer 

10.  Backcalculated  E  can  be  correlated  indirectly  to  concrete  flexural 
strength  through  the  previously  established  split  tension-modulus  of  rupture 
relationship.  This  permits  an  expedient  means  to  estimate  concrete  flexural 
strengths  from  backcalculated  E  moduli  in  lieu  of  any  better  information. 

11.  Static  and  dynamic  k  values  were  correlated  through  side-by-side 
testing  with  the  FWD  and  conventional  plate  bearing  equipment,  and  a 
regression  equation  was  developed. 

12.  Large  discrepancies  exist  among  several  concrete  pavement  field 
performance  models  developed  on  the  basis  of  accelerated  traffic  tests. 
These  differences  are  caused  by  differences  in  critical  stress  locations, 
flexural  strengths  used,  and  use  of  data  points  for  which  failure  had  not 
been  reached.  There  are  also  large  differences  between  field  and  laboratory 
beam  performance  models. 

13.  Significant  differences  in  measured  and  predicted  deflections  at 
joints  can  expose  potential  problem  areas  requiring  additional  investigation. 
Similar  differences  at  center  slab  locations  signify  that  incorrect  pavement 
thicknesses  have  been  selected. 

The  following  major  conclusions  have  been  developed  from  the  specific 
findings  outlined  above. 

1.  The  falling  weight  def lectometer  is  an  excellent  tool  for  the  rapid 
collection  of  large  volumes  of  rigid  pavement  evaluation  data.  It  can  be 
used  to  accurately  measure  pavement  response  to  simulated  aircraft  movement 
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at  the  center  and  along  joints  of  airfield  concrete  slabs.  All  seven 
deflection  sensors  are  required  to  adequately  define  the  deflection  basin  on 
thick  rigid  pavements. 

2.  The  consistency  of  load  transfer  efficiency  measurements  along  the 
length  of  both  transverse  and  longitudinal  slab  joints  provides  some 
tolerance  in  the  positioning  of  the  FWD  along  the  joint.  The  nondirectional 
nature  of  load  transfer  efficiencies  along  transverse  joints  on  airfield 
pavements  permits  good  flexibility  in  planning  and  conducting  a  field  testing 
program,  but  testing  of  longitudinal  joints  must  take  into  account  the 
history  of  loading  conditions,  as  well  as  the  present  mission  aircraft,  to 
assess  load  transfer  efficiency  in  the  proper  direction. 

3.  FWD  testing  should  be  accomplished  between  40  and  90  °F  to 
minimize  the  stiffening  effect  on  the  rubber  buffers  of  the  device  and  to 
provide  more  consistent  loads,  deflections,  and  backcalculated  parameters. 

4.  The  ability  of  ILL I -SLAB  to  accurately  model  FWD  deflections  at  slab 
centers  and  across  joints  establishes  high  levels  of  confidence  in  the 
accuracy  of  ILLI-SLAB-computed  stresses  under  all  types  of  aircraft  loadings. 

5.  The  present  knowledge  of  fatigue  mechanisms  in  concrete  is  not 
sufficient  to  warrant  any  basis  other  than  empirical,  full-scale  field  tests 
and/or  other  performance  data  for  the  development  of  the  transfer  function 
relating  critical  stress  to  performance.  The  results  of  long  term  pavement 
performance  monitoring  now  underway  should  be  incorporated  into  the  transfer 
function  as  they  become  available. 

6.  The  methods  of  testing,  analysis,  and  model  development  must  be 
consistent  if  meaningful  evaluations  of  pavement  performance  are  to  be 


obtained. 


7.  The  first  appearance  of  load  associated  cracking  on  the  surface  of 
concrete  slabs  should  continue  to  serve  as  the  basis  for  preventative 
maintenance  and  evaluation  of  rigid  pavements  until  computer-efficient 
mechanistic  models  can  be  developed  to  analyze  shattered  slab  conditions. 

8.  The  reanalysis  of  accelerated  traffic  test  data  using  the  ILLI-SLAB 
model  for  edge  loading  conditions  suggests  that  additional  structural  life  of 
concrete  slabs  is  available  for  higher  stress  producing  combinations  of  gear 
load  and  pavement  thickness  than  would  be  predicted  by  laboratory  beam 
fatigue  models.  Conversely,  less  structural  life  is  predicted,  using  this 
edge  loading  curve,  for  lower  stress  generating  circumstances.  Thus,  the 
breakdown  in  load  transfer  efficiency  at  joints,  and  therefore  more  rapid 
accumulation  of  damage,  appears  to  be  more  closely  linked  to  the  shear  number 
of  operations  of  aircraft  over  the  joint  rather  than  to  higher  stress  levels. 

9.  The  use  of  static,  transient,  and  unloaded  designations  for  airfield 
feature  identification  more  realistically  describes  actual  pavement  loading 
conditions  and  aids  in  the  efficient  planning  and  use  of  limited  maintenance 
and  repair  expenditures. 

10.  Statistically-based  determinations  of  FWD  testing  requirements  will 
permit  rapid  and  efficient  utilization  of  valuable  airfield  facility  down 
time  and  provide  the  degree  of  accuracy  warranted  by  inherent  variability. 

11.  The  failure  of  rigid  airfield  pavement  slabs  generally  results  from 
the  accumulation  of  damage  at  only  one  point  on  the  slab  and  can  be 
attributed,  in  most  cases,  to  just  one  aircraft.  Only  in  the  event  that  mean 
wander  paths  of  two  or  more  aircraft  wheels  overlap  is  an  evaluation  for 
mixed  traffic  justified. 

12.  The  use  of  pavement  distress  survey  results  to  estimate  accumulated 
past  damage  eliminates  a  tremendous  amount  of  analysis  of  past  traffic  data 


that  is  often  speculative,  but  somewhat  unconservative  estimates  are  likely. 


13.  More  recent  studies  of  aircraft  wander  tendencies  provide  the  basis 
for  eliminating  the  nonchannel ized  designation  for  runway  interiors  and 
ladder  taxiways.  More  realistic  pass  to  coverage  ratios  are  available  that 
reflect  actual  aircraft  movements  along  various  airfield  facilities, 
particularly  on  apron  features. 

14.  The  analysis  of  a  single  "representative"  slab  for  each  feature  does 
not  adequately  take  into  account  the  variablity  of  joint  load  transfer  that 
exists  within  a  feature.  Several  individual  slabs  (determined  from 
statistical  analysis)  must  be  evaluated  for  remaining  structural  life  and  the 
results  averaged  for  the  entire  feature. 

15.  The  system  developed  from  this  research  effort  is  capable  of 
providing  realistic  predictions  of  pavement  performance  for  the  many  features 


on  today's  airfields  under  a  variety  of  aircraft  loading  and  environmental 
conditions.  The  somewhat  computer-intensive  analysis  package  appears 
insignificant  when  compared  with  the  effort  required  to  obtain  the  same 
quality  of  information  from  present  systems. 

9.3  Suggestions  for  Further  Research 

The  following  areas  have  been  identified  for  additional  research  to  both 
improve  upon  this  effort  and  to  advance  the  state  of  knowledge  in  pavement 
performance . 

1.  The  effects  of  load  magnitude  on  load  transfer  efficiencies  and 
backcalculated  E  and  k  moduli  should  be  investigated  for  loads  in  the  range 
of  those  produced  by  larger  aircraft.  The  stress  dependency  of  cohesive  and 
granular  materials  under  rigid  airfield  pavements  should  be  determined  and 
included  in  the  analysis,  if  it  is  significant. 
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2. 


Further  study  of  the  behavior  of  all  joint  types  with  changes  in 


temperature  is  needed.  Correlations  should  be  developed  between  soil  types 
and  the  minimum  degree  of  load  transfer  available  just  from  inherent  shear 
strength. 

3.  The  effects  of  soil  moisture  and  its  seasonal  fluctuations  on 
backcalculated  moduli  should  be  researched  and  incorporated  into  the  NDT  &  E 
system. 

4.  Additional,  more  controlled  field  tests  are  required  for 
substantiation  of  the  flexural  strength-backcalculated  E  correlation.  Direct 
correlation  with  flexural  strength,  as  opposed  to  the  indirect  correlation 
through  split  tension  results,  is  preferred. 

5.  Predictive  models  of  pavement  performance  to  shattered  slab 
conditions  should  be  developed  to  take  advantage  of  the  tremendous  amount  of 
pavement  performance  remaining  in  cracked  slabs,  particularly  those 
constructed  on  stabilized  materials. 

6.  The  NDT  &  E  system  should  be  expanded  to  include  the  evaluation  of 
overlayed  rigid  pavement.  Both  flexible  and  rigid  overlays  of  rigid  pavement 
must  be  considered. 

7.  Extensive  monitoring  of  the  long  terra  performance  of  rigid  airfield 
pavements  in  a  variety  of  geological  and  environmental  conditions  is  required 
if  improved  transfer  functions  are  to  be  developed.  Accurate  records  of 
aircraft  operations  and  loads  must  be  maintained  if  improved  estimates  of 
accumulated  damage  are  to  be  made. 

8.  The  methodologies  for  evaluating  both  statically  loaded  and 
dynamically  loaded  pavement  features  with  the  FWD  should  be  well  defined. 
The  appropriateness  of  using  static  third  point  flexural  strengths  for  the 
evaluation  of  dynamically  loaded  slabs  should  be  investigated,  as  should  the 


use  of  backcalculated  dynamic  E  values  for  statically  loaded  slabs. 

9.  The  comparison  of  center  slab  measured  and  predicted  deflection 
basins  for  the  determination  of  concrete  slab  thickness  should  be  researched 
for  potential  use  in  locations  where  thickness  information  is  unavailable. 

10.  More  accurate  daily  distributions  of  traffic  should  be 
mathematically  modeled  and  incorporated  into  the  analysis  to  better  reflect 
actual  conditions.  The  uniform  distribution  assumed  in  this  research 
probably  results  in  conservative  predictions  of  remaining  life. 

11.  The  concepts  presented  in  this  report  must  undergo  extensive  field 
verification  to  establish  their  validity  and  identify  unforeseen  problems.  A 
wide  variety  of  conditions  must  be  included  in  the  validation  study,  and 
side-by-side  testing  with  other  systems  is  desireable. 

12.  The  computer  programs  written  for  the  various  analyses  included  in 
this  system  should  be  examined  for  maximum  efficiency  and  recoded  if 
necessary  to  improve  performance.  Adaptation  of  the  analysis  procedures  for 
the  micro-computer  would  greatly  increase  the  utility  of  the  system, 
particularly  for  use  in  contingency  situations  where  quick  results  are 


imperative . 
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